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Preface and acknowledgements 
There is little doubt that electricity has become an indispensable ingredient for modern 
societies to thrive and to secure our individual well-being. Today, the vast majority of 
our daily activities are powered by this invisible yet powerful resource: Heating systems 
ensure that we get through cold winters comfortably while other mammals have to re-
sort to hibernation, refrigerators ensure that the shelf life of perishable food is pro-
longed until we feel like consuming it and modern ovens allow hot meals to be pre-
pared without the chore of first collecting firewood. Moreover, we draw information on 
the latest news and communicate with our loved ones whenever and wherever we 
please with just a few clicks on our computers or smart phones. Furthermore, electricity 
ensures that key institutions can deliver critical services to the public, such as hospitals 
in making diagnoses and delivering treatments, or manufacturing industries that pro-
duce and deliver goods to their ever-growing consumer base. Clearly, we would find it 
very difficult to live our lives without electricity and the freedom it grants us. 
 
In order to enable this energy supply, we build sophisticated power infrastructure and 
operate electrical devices that fundamentally alter natural energy and material flows on 
planet Earth; the combustion of fossil fuels, for example, is perceived to be a main 
driver of anthropogenic global warming and the cultivation of biofuels is causing unpar-
alleled deforestation and soil erosion. Moreover, hydroelectric dams distort ecosystems 
and deprive river basins of vital sediment or freshwater, while nuclear power plants ex-
pose human populations to catastrophic risks and cause nuclear waste that requires 
storage in deep geological repositories for a very long time. 
 
Against this backdrop, some scholars and political leaders are concerned that current 
power consumption patterns in industrialised countries may render future generations 
unable to meet their needs. This begs the question: How can we further improve the 
current level of well-being in industrialised countries without eroding the ecological cap-
ital of planet Earth? There are many potential answers to this question. One response 
often suggested is that such a way should meet the requirements of sustainable devel-
opment (SD). The guiding principles of SD are, however, considered to be too ambigu-
ous to operationalise and have given rise to a wide range of interpretations. The con-
ception of SD can, however, be structured into three distinct dimensions: 
 
i) Normative features of SD. The guiding principles of SD express overarch-
ing objectives that seek to promote development for current generations and 
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safeguard a productive environment for future generations. What should be 
sustained, however, remains unclear. 
 
ii) Instrumental aspects of governance. Since pursuing business as usual is 
thought to impede opportunity spaces for future generations, an active 
mode of governance to operationalise SD is required. There is, however, lit-
tle agreement on how such transitions should be conducted. 
 
iii) Functional components of key systems. To meet SD requirements, key 
systems will have to be transformed. Owing to fragmented responsibilities 
and system knowledge distributed across a wide range of actors, this calls 
for collective action to mutually grow understanding of the system. 
 
Against this backdrop, it becomes apparent that additional research is required in order 
to operationalise the guiding principles of SD. With this thesis, I strive to contribute a 
more holistic and transparent framework for sustainability assessments that integrates 
the above dimensions. It strives to provide a comprehensive basis for evidence-based 
and goal-oriented decision making by determining relevant categories and enabling an 
evaluation of system data against predefined sustainability objectives. It assumes that 
more of the right data provides a better basis for informing decision making on the 
long-term development of key systems and, thus, may serve as a starting point for the 
design of policy instruments. My work aims to promote scientific discussion on appro-
priate methodologies for sustainability assessments, although putting such a frame-
work into practice lies beyond the scope of my thesis. 
 
Throughout the process of crafting the deliverables of this thesis, I faced numerous 
challenges related to the scope, the complexity of the research subject and the wide 
range of theoretical elements to be considered. I would like to take the opportunity to 
sincerely thank Prof. Dr Paul Burger of the Sustainability Research Group at the Uni-
versity of Basel for valuable discussions and reflections. Furthermore, I would also like 
to thank Dr Basil Bornemann and Dr Anita Brunner of the Sustainability Research 
Group at the University of Basel for sharing their expert knowledge with me. I would al-
so like to add that the work of Prof. Dr Armin Grunwald and Jürgen Kopfmüller of the 
Institute for Technology Assessment and Systems Analysis at the Karlsruhe Institute of 
Technology on the Integrative Framework for Sustainable Development has proven in-
valuable to me as a basis for developing the Framework for Sustainability Assess-
ments.  
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1 Exposition of problem and structure of thesis 
Since the dawn of civilisation, humankind has been striving to improve human well-
being. A review of selected events in the history of human and societal development 
reveals that improvements in well-being were often made possible through research 
and the discovery of new tools and techniques. However, while the implementation of 
new technologies has created new opportunities for human populations (Mesthene 
1970), it is also increasingly perceived as a driving force for higher levels of resource 
consumption and environmental degradation (WCED 1987). 
 
In the early stages of our history, during the prehistoric era, basic tools such as the bow 
and arrow or flints led to incremental improvements in the well-being of hunters and 
gatherers by increasing the odds of success when hunting prey or boosting the chanc-
es of survival against natural predators. The development of such new technologies 
depended then on the availability of natural resources, like wood or stones, and result-
ed in negligible waste in the form of organic debris (Humphrey 2006). 
 
During medieval times more complex innovations emerged and new resources, such 
as metal deposits, were discovered that allowed the production of iron-based weaponry 
for warfare, advanced tools for farming, sturdy shelters for housing and religious mon-
uments for spiritual purposes (Wigelsworth 2006). The use of more advanced tools led 
to higher productivity in harvesting crops and animal husbandry and brought the first 
forms of material wealth (Banham & Faith 2014). As a result, the natural life expectan-
cy of peasants rose as human settlements found themselves in a better position to fend 
off wild animals or barbaric tribes. In parallel, the natural streams of rivers were altered 
to better provide freshwater to growing human populations (James & Lecce 2013). 
Moreover, during that era, Europe saw significant declines in forest cover, which was 
driven by the need for resources to build homes, obtain fuel for heating and turn wood-
lands into cultivated land (Perlin 1989; Williams 2006). The ecological footprint of hu-
man populations on planet Earth started to expand. 
 
The age of industrialisation led to the discovery of additional resources and new tech-
nologies which would eventually fundamentally alter the lives of every civilian; several 
inventions, such as electricity, lighting, industrial automation or automobiles led to sig-
nificant increases in productivity (Hitomi 1994; Morton Jr. 2002). The invention of the 
light bulb as well as machinery-supported manufacturing, for example, led to producing 
a higher number of goods within shorter periods of time (Juslén, Wouters & Tenner 
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2007). While these technologies further improved the material wealth of societies, they 
also brought new forms of pollution as well as social issues (Ashton 1998; Hobsbawm 
1996). The combustion of fossil fuels and the use of acids, for example, led to a mas-
sive decline in air and water quality (Earnhart 2016; Rosenfeld & Feng 2011). At that 
time, however, scientific understanding of the source of pollution and its harmful effects 
on human beings was limited and early forms of such pollution were initially discounted 
as irrelevant (Thorsheim 2006). The rapid expansion of industrial production also had 
an impact on social structures: the labour force was attracted to new vibrant growth 
centres in sprawling cities and due to the unequal distribution of the benefits of devel-
opment, income disparities rose (Hirschman & Mogford 2009). In response to this, 
workers formed labour unions to increase their negotiating power and to bargain collec-
tively for better wages (Howell 2007). Despite rising levels of pollution und growing so-
cial inequality, human populations also continued to grow during that period (Alfonseca, 
Munoz Perez & Gonzalo 2016). 
 
The information age has promoted the broad deployment of information and communi-
cation infrastructure. Moreover, it has brought a wide range of new electrical devices, 
such as computers and smart phones (Headrick 2015; Mowery & Simcoe 2002). Satel-
lites and the global deployment of the internet have turned a planet with fragmented 
political autonomies into a more globalised and mutually interdependent community, 
where trade is increasingly conducted through the internet and social media allow con-
tacts to be developed across vast distances (Souitaris & Cohen 2003; Uimonen 2015). 
These technologies have fuelled a new wave of global international trade, allowing for 
greater specialisation of corporate enterprises and the introduction of new services 
(Castells 2011). Furthermore, the commercialisation of plastics has fostered mass 
manufacturing of consumer products (Blair Crawford & Quinn 2017). During this period, 
human well-being has continued to improve, as suppliers increasingly respond to indi-
vidual preferences (Humbert 2007). While the gains in human well-being achieved 
through modern infrastructure are undisputed, the erection of the latter and growth in 
international trade have further accelerated resource depletion and caused more pollu-
tion (Cesano & Gustafsson 2000; Van Veen-Groot & Nijkamp 1999). Moreover, the 
electrification of modern societies, the growing number of electrical devices in opera-
tion and increased levels of mobility have led to hitherto unprecedented surges in en-
ergy consumption (Niu, Jia, Wang, He, Hu & Liu 2013; Wang, Mu, Kang, Song & Ning 
2010). At the same time, the application of modern information and communication 
technologies has given rise to new societal issues related to private security and prop-
erty rights (Kizza 2013). However, the establishment of a global information network 
  
 
Framework for Sustainability Assessments - 13 - 
monitoring resource stocks and pollution has also led to an increased interest in and 
understanding of the ecology of our planet (Smith & Smith 2000). Against this back-
drop, some actors fear that current and future levels of consumption and pollution 
might soon exceed critical thresholds and therefore promote environmental conserva-
tion (Blanco & Razzaque 2011). 
 
Based on this brief overview of selected events in human history with a focus on sci-
ence, technology, society and ecology, I shall summarise some key assumptions and 
critical interdependencies: Firstly, the human race has been striving for improvements 
in human well-being since the dawn of civilisation. Secondly, the discovery and de-
ployment of new technologies has played a crucial part in achieving those improve-
ments in human well-being. Thirdly, the implementation of new technologies has driven 
resource consumption and caused pollution. Fourthly, the interrelationship between so-
cietal development and environmental degradation has increased substantially in im-
portance during the information age owing to increased understanding of the planet’s 
ecology and the footprint of our actions. Fifthly, some actors are concerned that current 
levels of resource exploitation and pollution may impede future development. 
 
To further explore the critical interdependencies between human well-being, technolog-
ical development and environmental degradation, I shall briefly outline two intensively 
researched cases: The international cooperation to protect the ozone layer and the 
programme on malaria prevention in tropical regions. These two cases demonstrate 
how societies and the environment are intricately interwoven: 
 
i) International cooperation to protect the ozone layer. During the nineteen 
eighties, geophysicists and meteorologists identified a steady decline in 
ozone in the atmosphere including a large annual springtime decrease, re-
ducing the protective shield against harmful ultraviolet irradiation (Farman 
1985). This was identified as potentially causing skin cancer and eye dam-
age in human beings (Gallagher, Lee, Bajdik & Borugian 2010). While the 
depletion of the ozone layer was first observed in Antarctica, its cause was 
traced back to aerosol sprays containing chlorofluorocarbons (CFC) used in 
industrialised countries. As a result of the broad recognition of this issue 
among scientists and political leaders, the latter were determined to agree 
on international cooperation; in 1986 those nations with major CFC produc-
ers signed the Montreal Protocol on Substances that Deplete the Ozone 
Layer (UNEP 1986). This treaty reflects a binding agreement to phase out 
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the production of substances driving the depletion of the ozone layer. To-
day, other organic compounds successfully substitute CFC without causing 
similar effects on the environment. In the meantime, global ozone levels are 
thought to have stabilised and the ozone layer is expected to recover (IPCC 
2005). 
 
ii) Programme on malaria prevention. Vast parts of tropical and subtropical 
regions are exposed to malaria, a potentially fatal disease that leads to the 
deaths of hundreds of thousands of people every year (WHO 2014a). Dur-
ing World War II an organochloride called dichlorodiphenyltrichloroethane 
(DDT) was developed to protect both the military and civilians from malaria 
and typhus. Owing to its effectiveness, DDT was also widely applied as an 
insecticide in agriculture after World War II (Kinkela 2013). Only a decade 
later, the magnitude of the side effects on human well-being, involving a 
high prevalence of cancer and neurotoxic effects (Bear 2006; Dalvie 2013), 
and the environment, such as a massive reduction in bird fertility (Nak-
amaru, Iwasa & Nakanishi 2003), became apparent and an intense public 
discourse evolved. In 1972 the United States of America (USA) issued a 
ban on the agricultural use of DDT. In 1995, a global action plan, called the 
Stockholm Convention on Persistent Organic Pollutants (UNEP 1995), out-
lawing amongst other things the use of DDT, was signed. In the wake of the 
ban on DDT, researchers looked for other approaches to prevent malaria 
from spreading. Today, one recommended approach to protect local com-
munities from malaria involves the provision of insecticide-treated mosquito 
nets (WHO 2014a). However, recent surveys show that the recipients of 
these nets are using them for fishing thus nullifying the expected effects of 
malaria protection (McLean, Byanaku, Kubikonse, Tshowe, Katensi & Leh-
man 2014). 
 
Both cases accentuate the introductory claim that the application of new technologies 
may cause environmental and societal problems. They also highlight that the resolution 
of such complex issues requires collective contributions by various actors towards a 
common goal. Meanwhile, scientific evidence suggests that the implementation of 
some technologies relating to essential infrastructure in industrialised countries, such 
as nuclear or coal-based power plants, may severely erode the ecological capital of 
planet Earth, potentially affecting the well-being of human populations in the future 
(Danzer & Danzer 2016; IPCC 2005; Steinhauser, Brandl & Johnson 2014). In contrast 
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to the cases on the ozone layer and malaria prevention, however, scientific evidence of 
these cases does not hint at issues restricted to specific regions, but rather at complex 
crises spanning the entire globe; according to scientific studies, some key natural re-
sources and energy carriers are becoming increasingly scarce (Henderson 2014). Fur-
thermore, the fragility of some critical ecosystems vital to human well-being, such as 
forests and oceans, is perceived to be increasing (Zetland 2011). Some scientists ar-
gue that this form of environmental degradation is likely to lead to diminished yields of 
ecosystem services in the future (Grunewald & Bastian 2015). Against this backdrop, it 
is often argued that current consumption patterns in industrialised countries may be the 
driving force behind these environmental issues as they are perceived to exceed the 
ability of our planet to reproduce natural resources and absorb pollution (Rees 1992). 
Accordingly, pursuing current development paths is expected to potentially undermine 
opportunity spaces for future generations, and both political leaders and researchers 
on sustainable development (SD) deem it necessary to redesign infrastructure that 
drives severe forms of environmental degradation and provides critical outputs to so-
cieties (WCED 1987). Such a transformation aims to lower resource consumption lev-
els and reduce pollutant emissions while still improving human well-being. 
 
The energy system is one of the systems that enable essential services, but is also 
seen as a major driver of environmental degradation (Danzer & Danzer 2016; IPCC 
2005; Steinhauser, Brandl & Johnson 2014). Today, energy systems are exposed to 
dynamic developments and new technological options exist, such as renewable energy 
and smart grid technologies (Jülch 2016; Olindo, Jäger, Smets, Van Swaaij & Zeman 
2016; Strbac 2008), which promise lower levels of resource consumption and less pol-
lution, as well as economic benefits (Beeton & Meyer 2015; Hadorn 2015). In addition, 
a more general trend towards the electrification of transport and heating systems can 
be observed such that attention in the overall energy system is increasingly shifting to-
wards electric power (Jones, Harms & Heinen 2016; Lieven 2015). Against the back-
drop of the increasingly prominent role played by electricity systems in modern socie-
ties, and the more general features this system exhibits,1 it is not surprising that we are 
facing an intensive debate among scientists, politicians, environmental agencies and 
business representatives on what electric power systems should look like in the future. 
 
                                               
1
 Electricity systems are socio-technological systems that contribute to human well-being but 
which also cause environmental degradation that may potentially undermine opportunity 
spaces of future generations. 
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1.1 Current state of electric power systems 
Electricity systems are responsible for generating and distributing electric power to 
electrical devices in private households, businesses and public institutions to enable 
energy services (Grigsby 2012; Gonen 2014). These services are used to improve liv-
ing conditions and enable the provision of goods and services (Ahmad, Mathai & Para-
yil 2014). Today, electric power systems in industrialised countries often rely on portfo-
lios of power plants and sophisticated power grids to provide electricity at all times and 
at the lowest possible cost to consumers. A reliable electricity supply has enabled in-
dustrialised countries to guarantee their citizens high standards of living by ensuring 
the delivery of vital energy services, such as lighting, cooking or heating, with the cost 
of electricity amounting to just a fraction of a household’s budget (IEA 2013). 
 
However, in order for electric power systems to fuel societal development, natural re-
sources are spent, energy carriers harnessed and in some cases severe forms of pollu-
tion are caused in the process of transforming energy carriers into electricity (Raj 
Ghandehariun, Kumar & Linwei 2016; Sassoon, Hermann, Hsiao, Milkovic, Simon & 
Benson 2009; Şengül, Bayrak, Aydınalp Köksal & Ünver 2016). More specifically, sci-
entific evidence suggests that some power infrastructures in industrialised countries 
are the main contributors of long-term environmental degradation, causing among oth-
er things nuclear waste, climate change, water scarcity, deforestation, distortion of nat-
ural ecosystems and depletion of finite resource stocks (IEA 2012; IEA 2013; IPCC 
2007; UNFCCC 2004). 
 
Nuclear power can be used to illustrate this dilemma: On the one hand, current genera-
tions benefit from low electricity costs as the pricing of electric power in many countries 
does not fully consider the costs of decommissioning nuclear power plants or the dis-
posal of nuclear waste, as these costs are often not yet fully known (SFOE 2014a), 
hence, they cannot be considered in pricing models for electricity tariffs. On the other 
hand, since the costs of decommissioning nuclear power plants and the disposal of nu-
clear waste are often not covered in electricity bills for current generations, they will 
have to be borne by future generations (Segelod 2006). 
 
Fossil fuel-based electricity generation may serve as another example. Current power 
market mechanisms in Europe incentivise operators to determine the operating orders 
of power plants according to variable costs (Clò, Cataldi & Zoppoli 2015). In the case of 
coal power, variable costs are determined mainly by the price of coal and the costs of 
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operating the power plant (McNerney, Farmer & Trancik 2011). Burning fossil fuels, 
however, is considered to be a major driver of the global warming that is thought to in-
crease extreme weather events, such as windstorms, floods and droughts, and cause 
rising sea levels (IPCC 2007). Such external costs are not, however, inherently part of 
the variable cost calculations of coal-based power plants. In Europe, they are meant to 
be covered by the carbon emission trading scheme. This scheme has not, however, yet 
been implemented on a global basis and significant exclusions exist (Butzengeiger 
2005). Like nuclear power, owing to the delayed effect of global warming, future gener-
ations will have to bear these external costs while current generations enjoy low elec-
tricity tariffs today. 
 
The current situation is expected to even accelerate: Economists have found evidence 
that in the past economic growth was often accompanied by increases in electricity 
consumption whenever energy sources were abundant (Stern 2011). Since the global 
economy is growing steadily, a continued increase in electricity consumption is project-
ed throughout the next decades. Accordingly, if a productive natural environment is to 
be safeguarded for the future, then, instead of merely reducing the pollution caused by 
power plants, some scientists deem measures to decouple electricity consumption from 
economic growth and thus curb electricity consumption to be inevitable (IEA 2014). 
Such reductions in electric power consumption can, for example, be achieved through 
higher levels of energy efficiency in electrical devices or changes in lifestyles (Bin & 
Dowlatabadi 2005)2. The latter may be supported by the increased transparency of the 
individual electricity consumption of consumers (Wood & Newborough 2003). Further-
more, research and development has led to the discovery of new clean power genera-
tion and smart grid technologies, which could contribute towards a new design for elec-
tric power systems that has fewer resource requirements and reduces pollutant emis-
sions by tapping into the potential of renewable energy fluxes (Stamford & Azapagic 
2014). For the time being, however, the potential contribution of new technologies re-
mains unclear due to a lack of experience regarding the way these innovations may be 
fully integrated into existing systems. 
 
Against this backdrop, a heated debate is unfolding among scientists, politicians and 
organised institutional actors on what the design of electric power systems in industrial-
                                               
2
 Schmidt and Weigt recently provided a comprehensive overview of the efficiency and suffi-
ciency literature (Schmidt & Weigt 2015). 
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ised countries should look like in the future.3 While some actors argue in favour of a 
substantial transformation of existing electric power systems through policy steering in-
struments (Eikeland & Inderberg 2016), others fear that the risks of implementing new 
technologies could outweigh the expected benefits, such as a rising number of black-
outs caused by stochastic power generation of renewable energy technologies (Lale-
man & Albrecht 2016). The decisions to be taken, however, will be highly relevant as 
today’s choices on the future design of critical infrastructure systems, will inevitably 
have resounding effects on opportunity spaces for future generations (Di Leo, Pie-
trapertosa, Loperte, Salvia & Cosmi 2015). 
 
The case for urgency is further accentuated by the fact that key decisions on the future 
design of some electric power systems in industrialised countries need to be taken 
soon, as critical parts of the power infrastructure are about to reach the end of their 
technical lifespan (ENTSO-E 2012). Accordingly, important long-term decisions need to 
be made within the next few years while the strengths and weaknesses of new tech-
nologies are still being explored and controversially debated. Furthermore, due to the 
long investment cycles of power infrastructure components, which may last up to 60 
years (IEA 2010), upcoming decisions will inevitably create path dependences and 
technological lock-ins. However, owing to the different views on what requirements 
electric power systems should meet in the future and the vast number of uncertainties 
associated with the expected contributions of new technologies, no common agree-
ment has yet been reached. The possible development paths currently being discussed 
by scientists and politicians in many industrialised countries, including Switzerland, can 
be roughly categorised into three distinctive scenarios (SFOE 2013): 
 
i) Fossil fuels. The first scenario focuses on maintaining low electricity costs 
for current generations by replacing outdated power generation capacities 
with fossil fuel-based power stations. The supporters of this scenario per-
ceive fossil fuels to be a reliable and cost-efficient energy source. 
 
ii) Nuclear power. The second scenario seeks to prevent greenhouse gas 
emissions from breaching critical thresholds and stabilise global tempera-
                                               
3
 Within this thesis, I shall focus primarily on industrialised countries for two reasons: First, 
the power infrastructure in modern societies is thought to be the main driver of environ-
mental degradation. Second, while some emerging economies are in a position to build 
clean infrastructure components at competitive costs from scratch, industrialised countries 
face the challenge of transforming already existing complex socio-technical systems. This 
is exactly the aspect of system transition that I seek to explore in more detail. 
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ture levels through the promotion of nuclear power. Advocates of this option 
favour either the construction of additional nuclear power capacities or a re-
placement of older ones through next-generation nuclear power plants. 
 
iii) Renewable energy technologies and energy efficiency. The third sce-
nario is based on a new green energy policy where renewable energy and 
smart grid technologies are deployed and high energy efficiency levels low-
er the consumption of natural resources and decrease pollutant emissions. 
 
If industrialised countries are striving for societal development that does not erode the 
ecological capital and thereby preserves opportunity spaces for future generations, 
then a development path has to be chosen that resolves the current environmental 
problems and continues to drive human development. Assuming that current consump-
tion patterns are part of the problem, then changes in human lifestyles may also need 
to be encouraged (Hirschnitz-Garbers, Tan, Gradmann & Srebotnjak 2016). In such a 
case, some scientists and political leaders argue that societal development may have 
to be actively monitored and directed according to objectives that secure human devel-
opment and preserve environmental productivity. They argue that governing the devel-
opment of such a system may require predefining normative requirements that mirror 
the principles of SD and deploying instruments that facilitate such a transformation 
(UNCED 1992; WCED 1987). 
 
Such an endeavour is expected to first require the establishment of an agreed model 
with overarching objectives that guide the actions of actors in the system (Newig, Voss 
& Monstadt 2008). One approach foresees then translating the abstract requirements 
of the guiding principles into more tangible rules or conditions (Kopfmüller et al. 2001). 
In parallel, an understanding and agreement on the essential components of the sys-
tem need to be obtained to determine which stages of energy, matter and information 
flows are of relevance for societal development. These stages are then evaluated in 
sustainability assessments: thus, system data is evaluated against the predefined nor-
mative targets to pin down unsatisfactory developments (Grunwald & Rösch 2011). 
Ideally, current data is enhanced with information on the expected contributions of new 
technological options to simulate potential future states of the system. Such scenario 
assessments will allow key interdependencies to be identified and help to infer possible 
future problems (Stamford & Azapagic 2014). The results of such a process could then 
serve as a starting point for developing policy measures that seek to direct system de-
velopment towards sustainability objectives.  
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In such an evidence-based and goal-oriented approach, sustainability assessments are 
expected to assume a pivotal role: they extract and evaluate system data against pre-
defined sustainability requirements and thereby provide a comprehensive basis for in-
forming decision makers on long-term developments in key systems. 
 
1.2 Current state of sustainability assessments 
In order to serve their purpose, sustainability assessments consist of a set of basic fea-
tures that relate to the system under review on the one hand and normative objectives 
mirroring the requirements of SD on the other: 
 
i) System functionality. Sustainability assessments are applied to specific 
systems and extract data related to the performance of essential features to 
provide a basis for evidence-based decision making. To compound a com-
prehensive set of data, the evaluation scheme has to include features of 
both ex post and ex ante analysis to determine areas of immediate concern 
as well as to pay attention to potential future developments and problems. 
 
ii) Normative requirements. Sustainability assessments contribute to the op-
erationalisation of SD and aim to direct development according to prede-
fined sustainability requirements. Accordingly, in order to provide a basis for 
goal-oriented decision making, system data has to be evaluated against 
predefined targets that mirror the guiding principles of SD. 
 
Sustainability assessments often draw on different methodologies (Dombi, Kuti & 
Balogh 2014; Evans, Strezov & Evans 2009; Grunwald & Rösch 2011; Heinrich, Bas-
son, Cohen, Howells & Perie 2007). A review of the existing literature reveals that au-
thors mainly apply methods that stem from economics, engineering and environmental 
sciences, such as life cycle assessments and cost-benefit analysis (Greco 2004; 
Hauschild & Huijbregts 2015). While these methods have indeed been proven to be 
appropriate for extracting and comparing data on energy and matter flows, they do not 
provide sufficient guidance on determining essential system components. Furthermore, 
they often only partly embrace the social aspects of complex human-environment sys-
tems and lack features that allow simulating the potential future states of a key system. 
Moreover, they are devoid of normative features. Hence, life cycle assessments and 
cost-benefit analysis can fully contribute towards neither a holistic system analysis, en-
compassing societal steering aspects, nor the deduction of goals based on normative 
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requirements. Accordingly, drawing exclusively on such methods results in sustainabil-
ity assessments being only partly composed of the required basic features and thus 
impedes decision making. 
 
There is growing consensus among scholars and political leaders that today’s long-
term environmental issues can also be attributed to human activity (IPCC 2005). The 
sustainability challenge is therefore increasingly being perceived as a societal problem. 
The social sciences offer a wide range of instruments for the description and analysis 
of the realm of social actors and governance (Luhmann 1984; Van Zeijl-Rozema, 
Cövers, Kemp & Martens 2008). Typical approaches in the social sciences, however, 
such as social or political theory (Dryzek, Honig & Phillips 2008; Kivisto 2008) tend to 
discard the technical and ecological aspects of systems. Reverting exclusively to tradi-
tional approaches of social sciences is, thus, likely to neglect ecological issues that 
hamper human development. 
 
Combining methodologies from the environmental and the social sciences reflects a 
relatively new, but promising, field of research. This type of interdisciplinary study co-
vers system analysis more holistically and seeks to systematically identify essential 
system properties: system analysis of human-environment interaction and socio-
ecological regimes are examples of such approaches (Haberl & Fischer-Kowalski 2007; 
Moran 2010). While they allow for a more holistic analysis of the system in question, 
they do not yet add the missing ingredient to empower sustainability assessments with 
the ability to consider potential future developments. Assuming that a significant part of 
today’s electric power infrastructure will also serve a vital purpose in the future, then it 
is likely that new technologies and policies have to be integrated with existing system 
components. Such analyses are often based on proven system modelling methods 
where interdependencies among essential system components are defined (Pidd 
2004). The output of system modelling can then be used to simulate and describe sce-
narios or possible future states of the system (Ross 2012). While such scenario as-
sessments are sometimes carried out by electric utilities to test the robustness of infra-
structure components (Tleis 2008), these methods can also be applied on more sys-
temic levels. 
 
In order for sustainability assessments to be able to evaluate empirical system data 
against goals that reflect the objectives of SD, the corresponding targets need to be de-
fined beforehand. Such an endeavour resembles a methodologically entirely distinct ef-
fort: The abstract normative cornerstones of SD are broken down into a set of rules that 
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resembles a less ambiguous interpretation of the normative requirements (Kopfmüller 
et al. 2001). These rules can then serve as a basis for determining general goals for 
criteria in sustainability assessments. The derived set of rules then ensures that the 
system development can be directed according to the normative requirements of SD. 
 
Accordingly, today’s contributions may have to be enriched with complementary meth-
odologies to cover the missing features of sustainability assessments. This discrepancy 
may be traced back to some degree to the fact that sustainability assessments histori-
cally emerged from environmental impact assessments (EIA). The latter were originally 
introduced in the USA as mandatory procedures against the backdrop of increasing 
environmental problems stemming from infrastructure projects or the release of toxic 
chemicals (Marriott 1997). EIA are designed to assess the environmental burdens 
caused by products or infrastructure. The government then only grants distribution 
rights or concessions if environmental degradation does not breach certain thresholds. 
Against this backdrop, it is fully understandable that EIA are devoid of some of the 
methodological features sustainability assessments should bear. Accordingly, I expect 
a review of existing sustainability assessments to potentially reveal some of the follow-
ing shortcomings: 
 
(i) There is insufficient coverage of essential system components, such as so-
cial aspects, as a result of definitions that are too narrow in scope. 
 
(ii) Owing to a lack of system modelling, data analysis can be expected to be 
based on ex post analysis, potentially neglecting ex ante analysis. 
 
(iii) High variability in the selected criteria and indicators owing to the absence 
of systematic system depictions and modelling. 
 
(iv) Lack of normative rules, which obstructs the process of determining mean-
ingful sustainability targets. 
 
(v) Because data is not related to SD, goals are likely to be absent, impeding 
the evaluation of system data against sustainability objectives. 
 
Since such potential shortcomings can most likely be attributed to a lack of a systemat-
ic procedure that seamlessly integrates the functional aspects of the system and the 
normative requirements of SD, with this thesis I shall strive to contribute a framework 
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for sustainability assessments that provides a basis for evidence-based and goal-
oriented decision making. Moreover, owing to the importance of electric power systems 
in modern societies and the key upcoming decisions to be made on power infrastruc-
ture, I shall provide exemplary results for missing basic features based on the example 
of electricity systems. 
 
1.3 Research question 
Assuming that sustainability assessments are designed to provide a basis for evi-
dence-based and goal-oriented decision making for the long-term development of key 
systems, then the expected shortcomings in today’s sustainability assessments are 
likely to increase the risk of erroneous decision making, as today’s applied methodolo-
gies can be expected to only partly cover the relevant features of sustainability as-
sessments. Against this backdrop, chosen policy measures are more likely to hold the 
risk of not delivering on intended changes. At this point, I claim that a more compre-
hensive and systematic approach can be expected to reduce the risk of omitting rele-
vant aspects. Developing such a framework for sustainability assessments will require 
applying and combining a set of different and relatively new methodologies. Since I ex-
pect the review of the existing literature to reveal several distinct shortcomings, I shall 
strive to contribute an overall framework composed of different theoretical elements. 
Accordingly, I shall create a framework that integrates methodologically distinct contri-
butions that as a whole seek to enhance the basis for evidence-based and goal-
oriented decision making. Thus, with this thesis I aim to answer the following research 
question: 
 
How should sustainability assessments be designed methodologically to provide a ba-
sis for evidence-based and goal-oriented decision making on the long-term develop-
ment of key systems? 
 
Owing to the important role played by electric power systems in modern societies and 
the pressure associated with the looming replacement of key parts of the electric power 
infrastructure in industrialised countries, I shall make contributions to the hitherto miss-
ing aspects of the proposed framework based on the example of electric power sys-
tems. My scientific contributions will therefore focus, on the one hand, on providing a 
framework for sustainability assessments in general. On the other hand, I shall demon-
strate the strengths and weaknesses of the proposed framework by producing exem-
plary contributions of missing basic features based on the example of power systems. I 
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shall, however, restrict my research scope to an aggregated level and thus not strive to 
derive indicators and target values, that are likely to vary across regions or societal 
value schemes. 
 
1.4 Approach 
A review of current proposals for sustainability assessments reveals that a wide range 
of structural features and methodologies is applied. I see at least two sources for this 
heterogeneity. Firstly, this variation may be partly traced back to the fact that sustaina-
bility assessments originally emerge from EIA. These authors that base their work on 
EIA often complement their environmental analysis with additional social criteria so as 
to incorporate development-related requirements from SD. Secondly, owing to the high 
ambiguity of SD, it is also not surprising that there is a high variation on the structural 
features and methodologies that sustainability assessments should encompass. Ac-
cordingly, I cannot rely on existing methodologies. 
 
Against this backdrop, it becomes obvious that I first have to specify and argue for a 
set of structural features that I deem relevant in order for sustainability assessments to 
provide a more comprehensive basis for evidence-based and goal-oriented decision-
making support. In contrast, methodologies can be expected to differ across systems to 
account for the different themes and processes taking place. Focusing on the structural 
features of sustainability assessments, I shall draw on those features of EIA that are 
essential in order to assess the environmental impacts of infrastructure projects. I shall 
then enhance this set of proven structural features by adding elements that refer to 
those additional themes that were introduced by the conception of SD. Based on this 
approach I shall then draw up a set of structural features that encompasses relevant 
categories of methodologies, irrespective of the system properties subject to a sustain-
ability assessment. These structural features may then serve as categorical settings for 
reviewing today’s contributions on sustainability assessments for electricity systems. 
 
I shall then proceed by evaluating a selection of prominent and recent scientific contri-
butions on sustainability assessments against these structural features in order to iden-
tify shortcomings in sustainability assessments of electric power systems. Based on 
this review, I can determine today’s knowledge gaps and thus propose methodological 
contributions that are directed at the specific challenges electric power systems face 
today to overcome these knowledge deficiencies. Owing to the vast scope of sustaina-
bility assessments and the wide range of developments taking place in electric power 
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systems, one might expect different methodologies to be proposed for each challenge 
so as to best address theme-specific issues. However, while my work will be directly 
related to electric power systems, the focus of my thesis will be on developing a 
scheme that encompasses the relevant structural features and that can also be applied 
to other key infrastructure systems, such as water supply systems. 
 
Based on the analysis of knowledge gaps and methodologies, I shall provide a key de-
liverable of this thesis: to present a generic framework for sustainability assessments 
that can be applied to key infrastructure systems, such as electric power or water sup-
ply systems. The proposed framework will consist of a set of structural features with 
corresponding methodologies. The methodologies proposed within this thesis, howev-
er, will only be applicable to electricity systems as they are specifically geared towards 
the properties of this system: energy flow analysis, for example, is an indispensable 
method for analysing energy conversion and efficiency ratios in electric power systems, 
while methodologies that focus on the hydro cycle are required when assessing water 
supply systems. The point here is that only the structural features of the proposed 
framework are designed to be universally applicable, such as ex ante analysis or an 
enrichment of the guiding principles of SD to forge a set of goals for sustainability as-
sessments, while the methodological investments are specific to the system under re-
view. However, in order to explore more easily the strengths and weaknesses of inte-
grating these structural features into the proposed framework, I shall also provide ex-
amples of the hitherto missing features in the sustainability assessments of electric 
power systems. This will allow me to more easily explore opportunities and limitations 
stemming from the proposed methodologies specifically related to the sustainability as-
sessments of electric power system, as well as draw conclusions on the viability of the 
structural features of the proposed framework in general. 
 
The electricity system-specific contributions may also be regarded as additional key de-
liverables of this thesis and will largely depend on identified shortcomings in today’s 
sustainability assessments of electric power systems and the proposed methodologies. 
I will therefore review the scientific state-of-the-art on effective methods and approach-
es and argue for appropriate methodologies to remedy identified issues. In some cas-
es, I shall invest methodologies that are today successfully applied in other contexts, 
such as creating a holistic system representation. In other cases, my contributions 
have not been tried before, such as drawing up a set of criteria related to the govern-
ance of electric power systems or translating the guiding principles of SD into general 
goals as criteria for electricity systems. Furthermore, since my contributions are not re-
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lated to specific case studies, they cannot account for regional specifics or be related 
directly to cultures or value schemes. This is not necessary, however, as they primarily 
serve the purpose of further supporting the discussion on the strengths and limits of the 
proposed framework. A hallmark of this thesis will lie with linking functional aspects of 
the system aspects with goals of transformation governance. In order to achieve this, I 
shall decide on an up-to-date interpretation of SD enrich it to construct a set of condi-
tions that can be translated into general goals for power systems. 
 
Once both the general structural features of the framework for sustainability assess-
ments and the electric power system-specific contributions have been presented, I 
shall review the results against current scientific contributions. This analysis seeks to 
identify whether the proposed framework is indeed in a position to confirm existing in-
formation and elicit entirely new sets of information and goals that have hitherto been 
absent. Accordingly, the review serves to draw conclusions on the strengths and 
weaknesses of the framework for sustainability assessments in general and thereby 
determine whether its application could also create value for other key infrastructure 
systems. This step will also involve an assessment of both which of the identified 
shortcomings could easily be remedied by expanding the methodological base and 
which cannot be resolved without fundamentally reengineering the structural and 
methodological design of the proposed framework. Lastly, I shall look for synergy op-
portunities that can be harnessed by identifying additional research efforts in regard to 
the framework for sustainability assessments and providing an overview of additional 
research opportunities. 
 
1.5 Structure of thesis 
This thesis is structured into four major parts to deliver the scientific contributions: First-
ly, I shall start with an introduction that provides background information on electricity 
systems and the guiding principles of SD. Secondly, I shall proceed with a review of a 
selection of current scientific contributions on sustainability assessments of power sys-
tems to identify shortcomings in current approaches. Based on identified knowledge 
gaps, I shall then argue for appropriate methodologies to be applied in the framework 
for sustainability assessments. Thirdly, I shall present my scientific contributions. 
Fourthly, I shall conclude this thesis with a comparative analysis of my contributions 
against the research sample, as well as a methodological discussion of the strengths 
and limits of the proposed framework, including an overview of further research oppor-
tunities: 
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i) Introduction. Chapters 2 and 3 are dedicated to describing the key features 
of power systems and the hallmarks of SD. In chapter 2, I shall invest exist-
ing literature on electricity systems, the challenges they are currently facing, 
as well as new technological opportunities and scenarios which are today 
controversially debated. I shall then lay out the current state of the discus-
sion on SD and transformation governance in chapter 3. This chapter con-
cludes with a contribution from my side consisting of outlining the basic fea-
tures of sustainability assessments based on a review of key events in the 
evolution of EIA, SD and sustainability assessments. 
 
ii) Methodology. In chapter 4, I shall present and evaluate a sample of current 
contributions on sustainability assessments of electricity systems against 
the basic features of sustainability assessments introduced in chapter 3. I 
shall then identify knowledge gaps based on shortcomings in today’s sus-
tainability assessments in chapter 5. These knowledge gaps will serve as a 
basis for formulating the research question, which this thesis aims to answer 
in chapter 6. I shall then present the cornerstones of the framework for sus-
tainability assessments in chapter 7 and explore appropriate methodologies 
to be applied to systematically fill the knowledge gaps and provide exempla-
ry contributions for electric power systems. 
 
iii) Scientific contribution. In chapter 8, I shall provide a holistic system rep-
resentation of electric power systems that covers the functional constitutive 
elements, including enabling and constraining factors. Chapter 9 serves to 
systematically deduce criteria based on the system representation. For 
these contributions, I shall draw on approaches related to coupled human-
environment systems, energy and matter flow analysis, as well as socio-
ecological regimes. A current scientific interpretation of the guiding princi-
ples of SD will serve as a basis for formulating steering rules and general 
goals for criteria in chapter 10. I shall proceed with deducing a set of instru-
mental rules and general goals based on reflexive transformation govern-
ance for criteria in chapter 11. For these two endeavours I shall draw on the 
approach of conceptual deduction and revert to the structural features of the 
Integrative Framework for Sustainable Development (IFSD) approach. 
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iv) Discussion. I shall compare the exemplary results of the framework for 
sustainability assessments for electric power systems with the contributions 
reviewed in chapter 4 to explore the strengths and weaknesses of the pro-
posed framework in chapter 12. In chapter 13, I shall carry out a methodo-
logical discussion on my contributions in view of the originally formulated re-
search question and the identified knowledge gaps in chapters 5 and 6. I 
shall conclude my thesis by sharing thoughts related to the operationalisa-
tion of the proposed framework, including aspects on participation and sug-
gestions for further research opportunities. 
 
Accordingly, Figure 1 depicts the structure of this thesis, displaying the four major parts 
and corresponding chapters on the left-hand side and the contents and interdependen-
cies of the chapters on the right-hand side. This figure highlights that sustainability as-
sessments consist of a functional dimension related to the system under review and a 
normative dimension directed at sustainability objectives and transformation govern-
ance. Furthermore, it depicts the strong interdependencies among the functional fea-
tures of the system and the normative aspects of the SD that are brought together in 
sustainability assessments. 
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Figure 1: Structure of the thesis 
 (Own elaboration) 
 
1.6 Expected contribution to the discussion 
Based on the specified research question and the applied approach, I strive to add a 
set of distinctive scientific contributions to the discussion on sustainability assessments 
in general and electric power systems in particular: 
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i) Systematic framework for sustainability assessments. I shall develop a 
systematic and generic framework for sustainability assessments composed 
of the basic features of sustainability assessments. It will draw on distinct 
theoretical elements to provide a more comprehensive basis for evidence-
based and goal-oriented decision making. This framework will encompass 
relevant system features and extract data for relevant criteria based on both 
ex post and ex ante analysis. It will be designed in such a way that system 
data can be evaluated against predefined objectives, mirroring the norma-
tive requirements of SD. 
 
ii) Holistic system representation for electric power systems. In this the-
sis, I shall strive to provide an exemplary system representation that com-
prehensively and holistically frames the scope for future sustainability as-
sessments of electric power systems. This system representation will cover 
the functional constitutive elements of the system: Electricity systems are 
responsible for generating and distributing electricity to private households, 
corporate enterprises and government institutions to power a wide range of 
energy services, such as heating or cooling. Assuming a common agree-
ment on the core functionality of electricity systems can be reached, then a 
system scope that covers the system functionality, including societal and 
environmental enabling and constraining factors, can be universally defined, 
so long as essential system properties remain stable over a longer period of 
time. 
 
iii) Criteria for electric power systems. A system representation that com-
prises the relevant system components could also serve as a sound basis 
for systematically screening the system for relevant flows and obtaining a 
comprehensive set of criteria. Hence, I shall systematically deduce a set of 
criteria for sustainability assessments of electric power systems. Deriving 
criteria from a system representation will render sustainability assessments 
less susceptible to criticism that it may be biased because undesired criteria 
were omitted on purpose. Proposing a set of universally applicable indica-
tors lies beyond the scope of this contribution. 
 
iv) General goals for criteria for electric power systems. Without predefined 
targets, an evaluation of system data against sustainability requirements is 
not possible. Accordingly, sustainability assessments that lack a clearly de-
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fined target system cannot fully provide a basis for goal-oriented decision 
making. One way to remedy this deficiency could lie with formulating an ex-
emplary set of steering and instrumental rules based on a current scientific 
interpretation of SD. These rules may then be used to conceptually derive 
an exemplary set of general goals for criteria. This contribution also enables 
me to link sustainability assessments to transformation governance and to 
relate the steering capacity with the system in question. 
 
To summarise, I shall strive to draw up a more comprehensive and transparent frame-
work for sustainability assessments. Ultimately, the proposed framework also aims to 
be applicable to other complex coupled human-environment systems, such as agricul-
tural or water supply systems. Furthermore, it will be designed so as to account for re-
flexive governance in modern democracies. The proposed framework is meant to pro-
vide additional insights for strategic discussions on the development of long-term key 
systems that provide essential public services. Accordingly, it is not meant to be ap-
plied as a management planning tool, but rather strives to expand knowledge on the 
system itself and contribute to a better understanding on goals. 
 
Moreover, I shall aim to contribute to a clearer understanding of sustainability assess-
ments in general and their application to electric power systems in particular to address 
two distinctive dimensions: Firstly, the functional part is related to the system in ques-
tion and encompasses relevant system properties to extract relevant system data. 
Secondly, the normative part is directed at the normative features of SD and provides a 
set of goals and addresses instrumental aspects to transform the system so that is 
meets sustainability requirements. This differentiation is important as the functional 
components of sustainability assessments for electric power systems are bound by bi-
ophysical limitations and societal aspects, while normative elements may differ de-
pending on the interpretation of the guiding principles of SD. 
 
I shall proceed by investigating the existing literature on the current state of electric 
power systems in industrialised countries. This overview will outline system functionali-
ty and touch on current challenges, opportunities and perceived development paths.  
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2 Electric power systems 
In this chapter I shall invest existing literature on electric power systems and their cur-
rent challenges and technological opportunities to provide a broad overview of the sys-
tem in question as background information. Accordingly, the chapter does not contain 
an original contribution to the understanding of electricity systems, but rather gives an 
overview of their components, as well as related issues and potential developments, 
against the backdrop of existing literature. Hence, while it frames and describes the ob-
ject of the study, a systematic analysis thereof will be carried out in chapters 8 and 9 
when providing a holistic system representation and conducting detailed analyses. 
 
As a starting point, I shall first argue for the central role that electric power systems as-
sume in modern societies by ensuring human well-being and enabling high levels of 
productivity in the manufacturing and service industries. I shall then proceed to outline 
the functional value creation stages of electricity systems, including the interdependen-
cies of governance, electric power infrastructure and the environment. Since sustaina-
bility assessments are intended not only to consider existing functions but also poten-
tial future technologies, I shall also touch on identified potential opportunities arising 
from new renewable energy and smart grid technologies and the new requirements 
they impose on governance. Furthermore, to ensure that more detailed aspects of the 
system in question are also covered, I shall touch on some of the cornerstones of cur-
rent discussions on possible scenarios for electric power systems based on the exam-
ple of Switzerland. 
 
2.1 Relevance of electricity in modern societies 
The components of the electric power systems are responsible for generating and dis-
tributing electricity to private households, businesses and public institutions to power 
electrical devices (Clough, Saad & Gould 2013). These appliances provide a wide 
range of energy services critical to the daily lives to their users: lighting, heating and 
cooling, cooking and cleaning, information, communication and entertainment, the fuel-
ling of electric forms of transportation and the automation of processes in mass manu-
facturing industries (Bedir, Hasselaar & Itard 2013; Kavousian, Rajagopal & Fischer 
2013; Kipping & Trømborg 2015; McLoughlin, Duffy & Conlon 2012). Against this back-
drop, one can say that electric power systems have two functions: Firstly, they increase 
well-being or improve the living conditions of human populations and, secondly, they 
enable the efficient delivery of goods and services. Thus, electricity is of high relevance 
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to its users as it is a precondition for benefitting from energy services and some of the 
output of electrical devices is required to meet essential needs (Hughes 1993). 
 
The relevance of electricity for private households can be further illustrated with a few 
practical examples: electric power ensures physical health, for example by maintaining 
an appropriate room temperature, and enabling the cooking and storing of food and 
beverages (Smith 2014). Furthermore, electricity opens up new opportunities for ob-
taining information and cultivating social contacts by enabling the use of modern infor-
mation and communication technologies, such as the internet and smart phones, (Hay-
thornthwaite & Wellman 2002). The electricity consumption patterns of private house-
holds are still somewhat unknown, as today just an annual count of electricity con-
sumed is often measured. Only recently have electric power suppliers started deploy-
ing modern smart meters to measure electric power consumption more frequently 
(Warren 2014). This allows the drivers of electricity consumption to be identified more 
accurately thus enabling policy makers to design steering instruments more specifically 
(Firth, Lomas, Wright & Wall 2008). 
 
At the same time, electricity has become an essential prerequisite for businesses and 
public institutions to produce and deliver goods and services: in manufacturing indus-
tries, where process automation enables cost-efficient mass manufacturing, a reliable 
supply of electricity has become an indispensable requirement for operating assembly 
lines that produce large quantities of standardised goods sought after by a large cus-
tomer base (Hitomi 1994; Juslén, Wouters & Tenner 2007). In parallel, a secure elec-
tricity supply is also a prerequisite for information and communication services for ser-
vice providing economies or public administrations (Armey & Hosman 2016; Sadorsky 
2012). 
 
Owing to the strong dependency of modern economies to electric power systems, the 
cost of electricity today plays a vital role for price sensitive consumers, as the energy 
services required to meet essential needs are, obviously, of high priority. This is also at 
least partly true for private households: a high electricity bill can have a significant im-
pact on the constrained household budget of a low-income family, potentially crowding 
out goods and services that are perceived of lesser immediate value (Neuhoff 2008), 
such as education. For corporate businesses, the cost of electricity can have a decid-
ing impact on the competitiveness of energy-intensive companies in international mar-
kets (Cox, Peichl, Pestel & Siegloch 2014). Accordingly, a stable and cost-efficient 
supply of electricity has become a necessary precondition to achieve development in 
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modern societies. Owing to the vital output that electric power systems provide to soci-
eties, policy makers and power suppliers are under pressure to provide a stable elec-
tricity supply at low cost. 
 
2.2 Functionality 
In order for electric power systems to provide their consumers with electricity, electric 
power infrastructure is erected and operated. Today’s power infrastructure in industrial-
ised countries is designed to integrate power generation technologies that were intro-
duced more than half a century ago, such as coal-based, nuclear or hydroelectric pow-
er plants (Duffy 2013; Morton Jr. 2002). The sites for these power stations were then 
often determined by the natural occurrence of energy carriers or valleys and locations 
were sought far from human settlements, owing to the risks and the pollution these 
technologies expose residents to (Danzer & Danzer 2016). To achieve cost-efficient 
power generation, large power plants were built by vertically integrated power suppliers 
so as to achieve the benefit of economies of scale (Fetz & Filippini 2010). Originally, 
these power suppliers operated power plants and grids to deliver electricity to consum-
ers in regulatory monopolies (Künneke 1999). 
 
To secure a stable supply of electricity, operators adjust power generation to consump-
tion loads, build power grid capacities that are able to cope with expected consumption 
loads and implement ring-based power grid topologies (Solé, Rosas-Casals, Coromi-
nas-Murtra & Valverde 2008). Moreover, the power infrastructure is often interconnect-
ed across political borders (Lagendijk 2008). Maintaining power grid stability often in-
volves the active use of storage systems, such as hydro pumped storage power sta-
tions, or back-up generators (Oberschmidt, Klobasa & Genoese 2013). Power system 
operators continuously monitor the frequency and voltage of power grids and adjust 
power generation to consumption loads to prevent blackouts (Miller & Malinowski 
1994). Accordingly, the functionality borne by the technical components of power infra-
structure can be categorised into four distinct stages of value creation: 
 
i) Extraction of energy carriers. The first transformation stage deals with ex-
tracting the energy carriers; this involves prospecting, exploration, develop-
ment and exploitation to obtain uranium, coal, natural gas or crude oil 
(Hartman & Mutmanski 2002). For hydroelectric power plants, dams are 
built to channel and collect large quantities of water, while for biomass-
based power plants organic energy carriers are planted, cultivated and har-
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vested (McGowan, Brown, Bulpitt & Walsh Jr. 2009). The energy carriers 
are then transported to power stations to generate electricity. However, this 
first stage does not exist for energy flux-based power generation technolo-
gies, such as solar photovoltaic (PV) systems or wind farms. Since energy 
fluxes cannot be stored, suitable sites, where the respective preconditions 
are met, such as high levels of solar irradiation or wind velocity, are first ex-
plored and then the corresponding power plants are erected on-site (Janke 
2010). 
 
ii) Conversion of energy fluxes or carriers into electric power. The second 
stage of value creation transforms energy fluxes or carriers into electricity. 
Today, a wide range of power generation technologies exists, such as fossil 
fuel-based, nuclear, geothermal and hydroelectric power plants, wind farms 
and photovoltaic cells. Power plants can be classified into different types of 
power stations: thermal power stations transform thermal energy into me-
chanical power, often through the combustion of a fuel. Fossil fuel-based, 
nuclear, geothermal, some biomass and waste heat power generators or 
solar thermal power plants rely on this type of technology (Sarkar 2015). 
Hydroelectric power plants (Clemen 1999) and wind farms (Tong 2010) 
transform the kinetic energy in moving water masses or wind into electricity. 
Photovoltaic cells convert sunlight into electricity (Lorenzo 1994). There are 
other, less frequently applied, power generation technologies, such as tidal 
power harnessing energy from oceans (Lyatkher 2014). 
 
iii) Distribution of electric power to electrical devices. The third stage of 
value creation delivers electricity from producers to consumers though pow-
er grids (Chambers 1999). Transmission grids convey electricity from large 
power plants towards consumption centres across vast distances. The dis-
tribution grid, which is mainly fed by the transmission grid and mid-sized 
power plants, then distributes electricity to consumers. The sophistication of 
power grids is mainly determined by the capacity of electricity that needs to 
be transferred and the volatility of generation and consumption loads. Since 
both loads need to match at all times, power system operators adjust gen-
eration and consumption loads to ensure a stable supply of electricity and 
prevent blackouts (Vaahedi 2014). In alpine countries, such as Switzerland, 
Austria and Norway, hydro pumped storage power plants often provide val-
uable power generation flexibility. In electricity systems where generation or 
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consumption loads can be actively controlled, the power grid can more easi-
ly be planned. Should both generation and consumption loads be highly 
volatile, then power grids often have to consider higher security margins to 
cope with unexpected peaks in power generation or consumption load pro-
files (Vadari 2012). Moreover, in such cases, a larger capacity of back-up 
power generation is required by the power system operator to match gener-
ation with consumption loads as both are highly unpredictable (Lund, Lind-
gren, Mikkola & Salpakari 2015). 
 
iv) Consumption of electric power to deliver energy services. In the fourth 
stage of value creation, electricity is spent to power electrical devices and 
thereby enable the consumption of energy services. This transformation 
stage takes place in various types of appliances. As already mentioned, pri-
vate household tend to consume a number of the aforementioned energy 
services to meet essential needs, whereas manufacturers, service indus-
tries and public institutions inevitably require energy services to provide 
goods and services in modern societies. To obtain the right to draw electrici-
ty from the grid, consumers are either provided with electricity as part of a 
non-discriminatory public service or are given the option to choose freely 
between different electricity products offered by competing power suppliers. 
 
Against this backdrop, one can argue that the value creation stages of electricity sys-
tems, including the embedded functionality, are instrumental in delivering indispensable 
input to two main consumer groups: Electric power systems deliver energy services to 
private households to improve well-being and to manufacturing and service industries 
to deliver goods and services. 
 
The diagram in Figure 2 depicts the technical design of power infrastructure in indus-
trialised countries. The four value creation or transformation stages, including metering, 
are shown from left to right. 
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Figure 2: Traditional technical design of a power infrastructure 
 (Own elaboration) 
 
When talking about systems in general, drawing appropriate system boundaries tends 
to be a challenge owing to the complexity of the system. So far I have presented the 
major functional components of the system by drawing rather traditional boundaries. 
For both the practical and theoretical reasons presented later, however, I do not want 
to restrict the system boundaries of electric power systems to the elements displayed in 
Figure 2. As additional key elements, I intend to include the governance level, which 
steers the deployment and operation of technical infrastructure components, and the 
environmental dimension, which provides the necessary energy flows and natural re-
sources, as well as absorbing the pollution caused by the technical components of 
electric power systems. If these two additional layers as elements of the system were 
to be omitted, the system would be inadequately represented and it would be difficult to 
understand the drivers of the current debate on the potential future requirements of 
electric power systems. 
 
2.3 Governance and the environment 
Power infrastructure is defined through negotiation and deliberation among various ac-
tors. Regarding the aforementioned steering components of electric power systems, at 
this stage I will only point to the close relationship between the power infrastructure and 
electrical devices and how they are determined through policy instruments and deci-
sions in market environments. One of the key features of governance is to determine 
the market design for key infrastructure systems. In most industrialised countries, pow-
  
 
Framework for Sustainability Assessments - 38 - 
er markets originate from monopolistic structures (Morton Jr. 2002). Many operators of 
power infrastructure components are today still owned by the government and utilise 
power generation and distribution technologies based on long-term planning processes 
approved by political leaders (Breeze 2014). Furthermore, as a result of the monopolis-
tic regulations in some countries, some power markets in industrialised countries still 
offer only limited opportunities for consumers and non-governmental actors to influence 
the deployment of power generation and distribution technologies through product 
choice or participatory processes (Kagiannas, Askounis & Psarras 2004). Private in-
vestors are reluctant to invest in power infrastructure as they tend to perceive such 
deals as unattractive owing to high risk exposure: 
 
i) Public ownership. Some power generation technologies rely on the use of 
publicly owned land, such as rivers for hydroelectric power generation. The 
respective land area is generally owned by the government and conces-
sions need to be obtained to ensure that the public interests are not violat-
ed, such as the provision of freshwater. In order to protect such interests, 
governments are sometimes either reluctant to consider private bidders or 
impose additional requirements that are too costly to meet (EC 2005). 
 
ii) Risk exposure. Some power generation technologies hold the risk of cata-
strophic accidents or nuclear proliferation including unresolved issues relat-
ed to the disposal of nuclear waste (IAEA 2005). Nuclear power stations are 
often only partly insured despite being run to the highest security standards 
(Francis 1977). Since financial investors seek investment portfolios with 
predictable and optimal risk-return ratios, they tend to turn down investment 
opportunities in such assets (Mariotte 2011). 
 
iii) Return on investment. The financial payback cycles of some large-scale 
power generation and grid technologies can last more than 60 years 
(Rogner 2012). This renders some projects unattractive for private investors 
seeking short-term profits. Accordingly, financing such projects often re-
quires, at least partly, the support of government funding (Linares & Con-
chado 2013). 
 
In recent years, however, regulators have been increasingly promoting power market 
liberalisation, especially in Europe, to create competition among suppliers and thereby 
secure an electricity supply at the lowest possible cost (EPCEU 2009). However, such 
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an endeavour also runs the risk of negating the expected benefits due to supplier con-
centration and the promotion of unsustainable technologies (Green 2006; Ringel 2003). 
 
Electricity consumption has been gradually increasing throughout the past decades in 
industrialised countries owing to ongoing electrification processes (IEA 2013). Tradi-
tionally, the consumption of electric power is not regulated by power utilities in indus-
trialised countries because of the hugely important role electricity plays in the daily 
schedule of consumers, as outlined in section 2.1. For manufacturing industries, how-
ever, the concept of demand-side management is increasingly applied, where consum-
ers give power suppliers the right to shut down and repower appliances, which enables 
power suppliers to plan consumption loads better (Paulus & Borggrefe 2011). At the 
same time, policy makers are increasingly implementing policies that promote energy 
efficiency in order to lower the energy consumption of appliances, cars and buildings. 
This is often achieved through the deployment of energy efficiency standards (Tsvet-
anov & Segerson 2013). 
 
Concerns relating to the impact of power infrastructure on the environment have been 
expressed for quite some time, but more recently controversial debates among policy 
makers, scientists and business leaders have been unfolding on the long-term effects 
of the current power infrastructure in industrialised countries on the environment and 
human health (Danzer & Danzer 2016; IPCC 2005; Steinhauser, Brandl, & Johnson 
2014). While electric power systems in industrialised countries meet the originally for-
mulated requirements to provide reliable electricity at relatively low cost, it is increas-
ingly questioned whether these requirements are still valid and whether electric power 
systems will still be able to do so in the future. During the past decades the combined 
work of scholars has led to solid scientific evidence on a number of ecological issues 
stemming from the construction and operation of power infrastructure components in 
industrialised countries: 
 
i) Reach of energy carriers. Fossil and nuclear energy carriers are formed 
over millions of years and, as such, their reserves are limited. While there 
are conflicting views on the extent of fossil and nuclear energy carriers, 
there is scientific evidence that their exploitation can significantly erode the 
natural environment (Princen, Manno & Martin 2015). 
 
ii) Climate change. Scientific evidence suggests that the combustion of fossil 
fuels to generate electricity is a major driver of global warming (IPCC 2005). 
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This certainly also applies to biomass-based power stations where the en-
ergy carriers harvested cause deforestation (Incropera 2015). 
 
iii) Nuclear accidents and waste. The number of nuclear power plants in op-
eration is increasing (Schneider & Froggatt 2014), although serious acci-
dents, such as the ones that occurred in Chernobyl and Fukushima (Ma-
haffey 2015), result in the public feeling less confident about this technolo-
gy. Furthermore, the disposal of nuclear waste, which requires deep geolog-
ical repositories over a very long period of time, remains unresolved 
(Narkuniene, Poskas, Kilda & Bartkus 2015). 
 
iv) Distortion of ecosystems. The construction and operation of hydroelectric 
power plants can significantly distort ecosystems, potentially resulting in the 
failure of ecosystem (Anderson, Freeman & Pringle 2006; Jager & Smith 
2008). Moreover, some power generation technologies can lead to acidifica-
tion and eutrophication of aquatic ecosystems (Roth et al. 2009). 
 
v) Resource consumption. Power plants and grids consume considerable 
quantities of resources and in some cases require vast areas of land (Roth 
et al. 2009). Furthermore, thermal power stations put pressure on water re-
sources (Kablouti 2015) while electrical devices are also known to require 
large amounts of resources (Sugiyama, Honma & Mishima 2016). 
 
vi) Electromagnetic fields. The impact of power grids on human health con-
tinues to be controversial, as long-term studies are deemed necessary to 
analyse the effects of electromagnetic fields (WHO 2014b). 
 
The discussion on the appropriateness of today’s power generation and distribution 
technologies is further fuelled by the advanced age of key components of the power in-
frastructure in industrialised countries (Ellingwood 1998; Kitsutaka & Tsukagoshi 2014). 
Given the solid scientific evidence that the electric power infrastructure in industrialised 
countries contributes to severe forms of environmental degradation, some researchers 
and enterprises are increasingly looking for technological alternatives (Jülch 2016; 
Olindo, Jäger, Smets, Van Swaaij & Zeman 2016). Accordingly, a broad range of new 
technologies is today readily available. 
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2.4 New technological opportunities and their potential con-
sequences for the system 
In addition to what I have sketched so far on the current state of electric power systems 
in industrialised countries, new options for further developing or transforming these 
systems is another essential factor when talking about electricity systems today. Re-
cent research and development efforts on new renewable energy and smart grid tech-
nologies are increasingly creating viable long-term alternatives to the existing technol-
ogies that cause today’s problems (Augenstein 2015; Momoh 2012; Olindo, Jäger, 
Smets, Van Swaaij & Zeman 2016; Strbac 2008). 
 
Throughout the past decade, the competitiveness of clean power generation technolo-
gies, such as wind farms or solar PV systems, has increased substantially (Manwell 
2010; Solanki 2011). Furthermore, solar PV systems can be installed directly on the 
roof of consumers’ dwellings which is often referred to as distributed power generation 
(Staffell, Brett, Brandon & Hawkes 2015). In such cases, power generation and con-
sumption occur at the same location, enabling consumers to also become producers. 
This increasingly popular concept is often captured by the creation of the term 
‘prosumer’ (Kesting & Bliek 2013). Prosuming offers new distinctive opportunities for 
both electricity consumers and power suppliers (Kästel & Gilroy-Scott 2015). However, 
a broad deployment of distributed power generation technologies would call into ques-
tion the current power grid designs that primarily manage energy flows from power 
generation centres to consumers (Jenkins, Long & Wu 2015). 
 
Accordingly, the concept of ‘prosuming’ can have far-reaching consequences for estab-
lished power infrastructure in industrialised countries; in such cases, power grids may 
have to be increasingly able to transfer the excess power generated by one ‘prosumer’ 
to another ‘prosumer’ with a shortage of supply (Ramachandran, Costello, Kingston, 
Grijalva & Egerstedt 2012). To master this process, new smart grid technologies with 
enhanced information and communication capabilities are likely to be required to ena-
ble the increased control and management of energy flows (Bush 2014; Liu, Zeng & Liu 
2011). Against this backdrop, new technologies would be required to start, operate and 
shut down electrical appliances (Strbac 2008). Moreover, local storage systems, which 
are also in the process of becoming more competitive, might be required to provide a 
flexible power supply (Jülch 2016; Sorensen 2015); in systems with many ‘prosumers’, 
such battery systems could help to store excess electricity generated during periods of 
peak power generation to later bridge periods with a shortage of supply in a community 
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(Oberschmidt, Klobasa & Genoese 2013). Smart home technologies could expand to 
provide entirely new types of energy services, for example in the area of home security, 
eldercare and childcare (De Silva, Morikawa & Petra 2012). These services could fur-
ther improve human well-being and increase the energy efficiency levels of manufac-
turing and service industries (Louis, Calo, Leiviskä & Pongrácz 2015). 
 
New technologies and concepts such as ‘prosuming’ can potentially be expected to 
have major impacts not only on technical components, but also on other aspects of the 
power system (Olkkonen, Korjonen-Kuusipuro & Grönberg 2016). Against this back-
drop, some scholars go a step further and argue that these developments call for 
changes in governance to promote energy transitions (Fouquet 2016; Kern & Rogge 
2016). In Europe, the European Union perceives market liberalisation as a necessary 
means to promote industrial efficiency (EPCEU 2009). There is a general perception 
that competitive market designs enable consumers to influence the deployment of 
power generation technologies more easily through customer choice (Neenan, Kinnell, 
Bingham & Hickman 2016). Moreover, in non-monopolistic markets civil society actors 
are likely to enjoy access to a wider range of participatory instruments (Bae et al. 
2014). Some researchers, however, argue that breaking up monopolies will not be 
enough to deal with the current efficiency and sustainability issues, as achieving ener-
gy transition is likely to require the deployment of a dedicated set of policy instruments 
(Pollitt 2012). Three requirements are frequently mentioned in scientific papers that are 
expected to promote market efficiency and the deployment of new clean technologies: 
 
i) Market liberalisation. In some markets, power suppliers still operate in 
monopolies where consumers of electricity pay tariffs according to their 
power generation mix (Künneke 1999). For these monopolies there is little 
incentive to develop new products, as customers have limited options and 
other market actors are barred from offering their solutions. To create incen-
tives for power suppliers to respond to growing demand for distributed pow-
er generation solutions or tap into the potential of smart grid technologies, 
some researchers and policy makers propose market liberalisation (Müller, 
Steinert & Teufel 2008). Market liberalisation is thought to put more pres-
sure on corporate costs as well as innovation, as power suppliers then face 
competition from new market actors that have been granted market access 
(Markard & Truffer 2006). 
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ii) Harmonisation of construction and energy policy. Distributed power 
generation technologies can be integrated into buildings, which are subse-
quently enhanced by the ability to generate electricity and manage energy 
flows through smart grid technologies (Yang & Athienitis 2016). Accordingly, 
some scientists argue that new policies to promote distributed power gener-
ation and energy efficiency have to consider requirements of on-site power 
generation, such as connectivity and net metering regimes (Krasko & Doris 
2013). To further facilitate the penetration of distributed power generation 
and energy efficiency technologies, regulations and standards may need to 
be harmonised, as current versions are perceived to contain elements bar-
ring the implementation of new technologies (Williams et al. 2016). The de-
ployment of solar PV, for example, depends on regulations related to con-
struction planning, monument conservation and grid connectivity (Gaiddon, 
Kaan & Munro 2009). 
 
iii) Promotion of smart grid technologies. In electricity systems where the 
majority of power generation is based on energy fluxes, power generation 
can no longer be actively controlled by system operators. In such cases, 
power consumption has to be adjusted to erratic power generation; instead 
system operators issue commands to waken dormant devices, operate ap-
pliances or shut off electrical devices to conserve power according to the 
availability of electricity (Strbac 2008). To be able to still secure a stable 
supply of electricity, some researchers perceive policies enabling smart grid 
technologies, such as demand-side management (Warren 2014) and smart 
metering (Sharma & Saini 2015) to be key prerequisites. However, this 
trend also raises questions about security and privacy (Xiao 2013). 
 
Since substantial parts of the existing power infrastructure in industrialised countries, 
including hydroelectric power plants and the technical components of power grids, al-
ready contribute towards meeting sustainability requirements, a future technical design 
for electric power systems will likely contain features of both the existing power infra-
structure and distributed power generation. Hence, the research focus has shifted to in-
tegrating more renewable power generation technologies (Lopez & Espiritu 2011). 
Against this backdrop, it seems obvious that we should strive for the transformation of 
existing electric power systems to bring together the best parts of the established pow-
er infrastructure and new technologies rather than building new ones from scratch. Fig-
ure 3 depicts a technical design for power infrastructure that relies on both existing 
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power infrastructure components and elements pertaining to new technologies, such as 
increased management of energy flows. Essentially, it displays the previous diagram of 
a traditional technical design for power infrastructure but enhances it with new features 
of distributed power generation and smart grid technologies. Accordingly, it emphasis-
es the need for a data system operator that controls devices according to the electricity 
generated. 
 
 
Figure 3: Potential design of power infrastructure integrating new technologies 
 (Own elaboration) 
 
While some of the current features of power infrastructure will also be of value for a 
sustainable future, it is important to acknowledge that a broad deployment of distribut-
ed power generation and smart grid technologies would question the viability of simul-
taneously pursuing a renewal of nuclear power or introducing fossil fuel-based power 
generation capacities. Accordingly, general development scenarios are at least partly 
mutually exclusive and the decision on which development path should be based will 
have a resounding impact as it may cause technological lock-ins due to the long life 
spans of some components of the power infrastructure (Lee & Gloaguen 2015). Such 
decisions must surely depend on the norms and values of a society. However, they al-
so depend on the storytelling about these pathways, or in other words, on what they 
are thought to look like. This leads me to the last element of this background chapter 
on electric power systems: I shall point to the current state of debate on conceivable 
scenarios for electric power systems by using the case of Switzerland as an example. 
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2.5 Scenarios for Switzerland 
The current technical design of the power infrastructure in Switzerland is strongly influ-
enced by hydroelectric power, accounting for up to 55%, and nuclear power, contrib-
uting roughly 40% to the electricity generation mix. The remaining 5% is provided by 
fossil fuel-based power generation, wind farms, solar PV systems, biomass power sta-
tions and some district heating systems in bigger cities (SFOE 2014b). Efforts to tap in-
to the potential of geothermal energy have so far been unsuccessful in Basel, Zurich as 
well as St. Gallen, and media response has been quite negative (Stauffacher, Muggli, 
Scolobig & Moser 2015). Prior to presenting the scenarios that are currently being dis-
cussed, I shall briefly recapture the key milestones related to the development of the 
Swiss electric power infrastructure. 
 
The natural occurrence of rivers and lakes in the alpine regions of Switzerland results 
in the high potential for hydroelectric power generation, and state-owned power suppli-
ers have built large hydroelectric power plants in Southern and Central Switzerland 
during the past century, while additional projects have also been developed (Deane, 
Gallachóir & McKeogh 2010; Hagin 2012). In addition, nuclear power plants have been 
built in the lowlands and sophisticated power grids deployed to deliver electricity to ru-
ral and urban consumers. Since the power generation profiles of hydro pumped stor-
age power plants can be actively altered by system operators and this technology ac-
counts for a significant part of the power generation mix in Switzerland, power genera-
tion can be easily adjusted to consumption (Rehman, Al-Hadhrami & Alam 2015). 
Moreover, hydro pumped storage capacities have assumed a key role in energy trading 
to generate additional arbitrage revenues (Zafirakis, Chalvatzis, Baiocchi & Daskalakis 
2016). Having such large flexible power generation capacities obviously, reduces the 
need for demand-side management. This is almost exclusively conducted with industri-
al consumers, where declining price tariffs and flexible revenue-sharing models are of-
fered by power suppliers to ensure customer retention. 
 
Against the backdrop of this power generation mix, a controversial debate is also un-
folding in Switzerland on how the electricity system should be developed for the future. 
This discussion revolves around a scenario analysis carried out by prognos, which was 
mandated by the Swiss Federal Office of Energy to provide scenarios as input for poli-
cy processes (prognos 2011). While the large share of hydroelectric power remains 
undisputed, the discourse focuses on nuclear power and alternative options based on 
new renewable energy technologies together with possible intermediary solutions. Nu-
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clear power takes the centre stage insofar as its 40% share currently resembles a criti-
cal part of the Swiss electricity generation mix (SFOE 2014b). Since Switzerland is 
home to some of the oldest nuclear power plants in the world, a discussion on appro-
priate life spans and replacement alternatives has been triggered (NEI 2015). There 
are two critical elements to this debate: Firstly, while some actors deem nuclear power 
as sufficiently safe to prolong operation to as long as 60 years or even beyond, the na-
tional nuclear security agency only grants permission for continued operation if periodic 
security assessments are passed (FCS 2009). In contrast, other actors request imme-
diate shut-downs of the oldest nuclear power plants and seek to establish predefined 
decommissioning dates for the others not exceeding international guidelines. Secondly, 
the Swiss parliament already decided not to replace existing nuclear power plants with 
new ones. However, this option remains part of the debate and was also included as 
one option in the scenarios produced by prognos (prognos 2011). Moreover, advocates 
for a strategy based on renewable energy technologies argue that today there is a 
unique window of opportunity to find alternatives to nuclear power. Should Switzerland 
opt to construct new nuclear power plants, they argue, then this decision will inevitably 
lead to path dependences due to their long life span. 
 
Accordingly, so far, scientists, politicians, industry representatives and environmental 
associations have not been able to reach a consensus on what requirements the future 
power system in Switzerland should meet and what the technical implementation 
should look like. The three scenarios produced by prognos are currently being explored 
in the public discussions in preparation for an upcoming public vote (prognos 2011): 
 
i) Business as usual. The first scenario foresees the mere replacement of 
existing nuclear power plants with new ones. Advocates of this scenario ar-
gue that this strategy secures a stable electricity supply and low power gen-
eration costs (Rehner & McCauly 2016; Rothwell 2004). Those opposing 
this scenario, emphasise that a large portion of the generating costs of nu-
clear power plants are carried forward to future generations, as the costs of 
decommissioning, disposal of waste and exposure of the population to cata-
strophic risks are not appropriately considered in electricity tariffs (Segelod 
2006; SFOE 2014a; Williams 2007). These claims are confirmed by recent 
research suggesting that the generating costs of new nuclear power plants 
in Europe may indeed be much higher than originally assumed (Harris, Hep-
tonstall, Gross & Handley 2013). 
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ii) Introduction of natural gas. The second scenario assumes a partial re-
placement of nuclear power with natural gas power plants. Since the gener-
ating profile of this technology can respond better to changes in consump-
tion than nuclear power plants, such a replacement would allow for a larger 
share of renewable power generation technologies (Stathopoulos & 
Paschereit 2015). Furthermore, supporters of this scenario highlight that in-
troducing gas turbines can secure relatively low total electricity costs for cur-
rent generations (West 2012). However, the total costs for future genera-
tions are expected to increase as climate change increases (IPCC 2005). 
 
iii) New energy policy. In the third scenario, nuclear power is substituted by a 
wide range of renewable power generation, smart grid and energy efficiency 
technologies. This scenario is, however, thought to require more than just a 
mere substitution of power plants: it is expected to require a fundamental 
transformation of the current power infrastructure design to integrate more 
features of distributed power generation through a disruptive energy transi-
tion (Kern & Rogge 2016; Meadowcroft 2009). Since the share of erratic 
power generation is expected to rise in this case, the deployment of tech-
nologies allowing for control over parts of power consumption profiles, for 
example through demand-side management, is expected to be a necessary 
precondition (Strbac 2008). Initial costs for current generations are consid-
ered to be higher than today, as both new renewable energy and smart grid 
technologies require investments (West 2012). However, future generations 
ought to benefit from this scenario as these investments reduce long-term 
pollution substantially and decrease external costs (SFOE 2013). 
 
While these three scenarios were produced for Switzerland, similar scenarios are being 
explored in other industrialised countries, where scientists, policy makers and market 
actors face similar situations. Figure 4 depicts the three scenarios under discussion for 
the future development of the electricity system in Switzerland. The table also contains 
short summaries of the power generation technologies they rely upon, the expected 
impacts on consumption behaviours, the potential benefits for current and future gen-
erations and the anticipated impacts on the environment (prognos 2011). 
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Figure 4: Scenarios for a transformation of the power system in Switzerland 
 (Adapted from prognos 2011) 
 
While the debate on the future design of the electric power system in Switzerland fo-
cuses on the above scenarios, it remains unclear which requirements electric power 
systems will have to meet in the future. A consensus on what the system should sus-
tain, however, is a necessary precondition for a goal-oriented development of the sys-
tem. Furthermore, how a system transition, if any at all, can be carried out is for now 
also far from obvious. Following the path presented by the scenario related to new en-
ergy policy would seem to be a potentially challenging task: some key components of 
power infrastructure are to be replaced, such as nuclear power plants, by new ones, 
such as more solar PV systems, and entirely new functionalities, such as a bi-
directional energy flow management in smart grids, are to be introduced. 
 
This begs the question: Why should a society decide to take such a demanding route? 
There are many possible answers to that question. One response often brought into 
the discussion is that such a route shows what we need to do to meet the requirements 
of SDSD. The guiding principles of SD do indeed aim to provide an answer to this 
question (WCED 1987). To clarify the overall background to my argument further, I 
shall proceed by elaborating the key cornerstones of the SD and the methodological 
contributions it may offer to resolve the current issues faced by electric power systems 
in industrialised countries.  
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3 Sustainable development 
At the end of the previous chapter, I referred to SD as a societal model that is thought 
to frame decisions regarding future key systems, such as electric power systems. 
However, it is a well-known fact that there is no one generally accepted interpretation 
of SD (Hopwood, Mellor & O'Brien 2005; Kates, Parris & Leiserowitz 2005). Moreover, 
there is a broad and controversial debate on the governance of transformation and on 
how SD should be assessed, although the fact that both aspects are intrinsic compo-
nents of SD is undisputed. Accordingly, my thesis must take these elements into ac-
count without, however, striving to make a contribution to one of these three discus-
sions on the conceptions of SD, governance of SD and the overall methodological de-
bate on sustainability assessments. Hence, this chapter mainly serves to lay out of 
those essential elements of SD, governance and sustainability assessments that I need 
to consider in my undertaking. My approach comprises attempting to distil the elements 
from the debate on these three sustainability related fields that have the potential to be 
accepted across different theoretical perspectives. 
 
The focus regarding SD is to reveal the normative requirements of the guiding princi-
ples. I shall start by highlighting early conceptions of human development issues 
stemming from environmental degradation and will then proceed by pointing out the 
evolution of the normative requirements of the SD. The second section on governance 
will concentrate on instrumental rules for the governance of SD. In this regard, I take 
governance instead of government only as the overall undisputed starting point and 
elaborate on those elements that are decisive in actively directing the development of 
key systems against SD requirements. Finally, I shall complete this chapter by formu-
lating the structural features of sustainability assessments. Starting with a review of the 
evolution of impact assessments in general, I will present the basic features of sustain-
ability assessments, thus providing a basis for evidence-based and goal-oriented deci-
sion making according to system data and sustainability objectives. 
 
3.1 Normative requirements 
Some scholars estimate the birth of the normative features of the SD conception to go 
back as far as the age of the Greek philosophers. During that time, the first discussions 
emerged encompassing themes of ecology and the environment and quality of life. 
While the debate on this complex subject is thought to have manifested mostly during 
periods of severe crisis, it is also seen as the dawn of a growing understanding on the 
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critical interrelationship between human development and the environment and a 
recognition that a productive environment contributes to human well-being (Grober 
2010). 
 
The first written evidence of the normative requirements of SD is to be found in the 
book Sylvicultura Oeconomic on forestry management written by Hans Carl von Carlo-
witz in 1713 (Mathe 2011). During that period, the ever-expanding agriculture and min-
ing industries led to unprecedented deforestation in Europe (Foster & O’Keefe 2000) 
and Von Carlowitz perceived wood as an indispensable resource for current and future 
generations. He concluded that long-term conservation plans are required to secure re-
liable livelihoods for future generations4 and timber should therefore only be harvested 
to the degree that trees can grow back. Throughout the early twentieth century, this 
concept was elaborated based on the same core idea, namely, to harvest renewable 
resources within the boundaries of regeneration rates (Bettinger, Boston, Siry & 
Grebner 2008). 
 
In 1972, the Club of Rome published the book The Limits to Growth which gained 
much attention from the media, researchers and politicians. Against the backdrop of 
economic stagnation in industrialised countries and strong population growth in devel-
oping countries, environmental deterioration was, according to the book, perceived to 
be the biggest long-term threat to modern societies. The authors developed a model to 
investigate the causes, interrelationships and implications of five major trends up to 
100 years into the future. These trends comprised (i) the acceleration of industrialisa-
tion, (ii) rapid population growth, (iii) widespread malnutrition, (iv) the depletion of non-
renewable resources and (v) environmental degradation. This global model was based 
on system dynamics and implied the exponential growth of all five factors. Ultimately, 
the model revealed generally catastrophic decline scenarios. The authors drew the 
conclusion that if present trends were to continue, the limits of growth would be 
reached sometime within the next 100 years. They argued that a rather sudden and 
uncontrollable decline in both the human population and industrial productivity would 
be the most probable result. They emphasised that immediate action could reverse the 
prevailing trends and lead to ecological and economic equilibrium (Meadows, Randers 
& Meadows 1972). 
 
                                               
4
 To be specific, I shall add that the definition of future generations in Von Carlowitz’s writing 
primarily consisted of the wealth of his chieftain. 
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The Limits of Growth was the starting point of a long-lasting controversial debate on the 
interdependencies of economic growth, resource depletion and pollution. However, 
many scientists and politicians criticised the underlying methods as they urged among 
others that technological progress was underestimated and declines in economic 
growth are more likely to result in increased poverty. Today, researchers perceive The 
Limits to Growth as having paved the way towards a differentiated discussion on the 
complex interrelationships between human development and environmental conserva-
tion (Bardi 2015) rather than as a reference point on that relationship. 
 
A decade later, the United Nations established the United Nations World Commission 
on Environment and Development (WCED) in response to a broader recognition that 
poverty can only be overcome through development and that the latter has become in-
separable from environmental issues. The Commission was mandated to examine crit-
ical environmental and development issues and make proposals on how to resolve 
them. The results of this analysis were published in a paper called the Brundtland Re-
port or Our Common Future in 1987. The study concluded that the previously com-
partmentalised world with local issues had evolved into a global community facing one 
single crisis: an increasing resource gap between developing and industrial nations, 
while much of the planet’s ecological capital had already been irreversibly consumed. 
The authors stressed that current development patterns in industrialised countries may 
have succeeded in meeting the needs of their current generations, however, they might 
also jeopardise the ability of future generations to meet their needs. Accordingly, based 
on the assumption that long-term development can only be achieved with a productive 
ecological resource base, the WCED provided the most frequently quoted definition of 
sustainable development: “A development ensuring to meet the needs of the present 
without compromising the ability of future generations to meet their needs” (WCED 
1987). Moreover, the Commission concluded that to achieve SD three conditions have 
to be considered: 
 
i) Technology, social organisation and the ability of the biosphere to absorb 
emissions of human activity impose limits. 
 
ii) Lifestyles and consumption patterns that lie within the planet’s ecological 
means need to be adopted. 
 
iii) SD cannot be defined as a fixed state of harmony, but rather resembles a 
reflexive process ensuring that the exploitation of resources, financial in-
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vestments, technological progress and institutional change are consistent 
with future needs. 
 
To counter prevailing development patterns in industrialised countries, the Commission 
proposed that international cooperation should be strengthened and integrated policies 
on the environment and human development at national levels should be promoted. 
These policies are intended to keep human populations within the range of ecological 
resources, increase food security, protect species and ecosystems, decouple economic 
growth from energy consumption, decrease the resource-intensity of manufacturing 
and service industries as well as adopt explicit settlement strategies in response to un-
controlled urbanisation. Ultimately, the report pointed out that human populations grew 
vastly throughout the past century, causing unintended impacts on the atmosphere, soil 
and water, thus requiring far-reaching changes within the next decades (WCED 1987). 
 
In 1992, the United Nations Conference on Environment and Development (UNCED) 
was held to promote nations’ implementation efforts with regard to SD. Representatives 
from more than 170 countries participated. At this conference, nations voluntarily com-
mitted themselves to a non-binding action plan called Agenda 21. This action plan aims 
to take a balanced and integrated approach to environmental and developmental is-
sues. The programme areas of Agenda 21 are structured into four sections: 
 
i) A social and economic dimension addressing development issues, such as 
poverty, consumption patterns, population growth, human health, sustaina-
ble human settlement and sustainable settlement in decision making. 
 
ii) Fostering of conservation and management of resources for development 
involving the protection of the climate, land resources, forests, fragile eco-
systems, biodiversity, oceans and freshwater resources and the control of 
toxic chemicals, and hazardous and radioactive waste. 
 
iii) Strengthening the role of major groups, including women, children, indige-
nous people, non-governmental organisations, local authorities, workers 
and trade unions, business and industry as well as the scientific and techno-
logical community. 
 
iv) Definition of means of implementation, such as financial resources and 
mechanisms, technology transfer, science, education, national mechanisms 
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and international cooperation, international institutional arrangements, inter-
national legal instruments as well as mechanisms and information for deci-
sion-making. 
 
This conference had a global impact: Nations committed to Agenda 21 voluntarily 
agreed among others to develop and implement national sustainability strategies by 
2002 (UNCED 1992). One of these efforts represents the Enquete Commission’s report 
Schutz des Menschen und der Umwelt for Germany in 1998. The Enquete Commission 
based its contribution on the three pillars approach, structuring sustainability into envi-
ronmental, social and economic dimensions with overarching objectives. For the envi-
ronmental dimension, the objective focuses on the conservation of those ecosystem 
services that are vital for human well-being. The objective of the economic dimension is 
to reduce scarcity and increase welfare, whereas the objective of the social dimension 
is to preserve social coherence and productivity. This three-pillar structure, which has 
meanwhile become a hallmark of SD, was complemented with a set of management 
rules for each dimension. If the objectives and management rules are followed, then 
society can be considered sustainable. Furthermore, quantitative indicators were de-
veloped to measure progress and allow for an assessment (EK 1998). 
 
Switzerland adopted a similar approach to meet its obligations under Agenda 21. First-
ly, the overarching objectives of Agenda 21 were transcribed into national legislation by 
amending the national constitution (FOSD 2012). In line with the Swiss form of gov-
ernment, some of the strategic objectives were also adopted by cantons and communi-
ties. Following the guidelines of Agenda 21, a sustainability strategy (FCS 2012) and 
goals (FOSD 2012) were formulated. Subsequently, aggregated criteria and specific 
indicators were defined to extract and compare current system data against the prede-
fined goals (FOSD 2012). The resulting gaps then serve as a basis for developing poli-
cy steering instruments (FOSD 2013). This endeavour was accompanied by sustaina-
bility reporting to provide transparency on the predefined goals, the current situation 
and the policy instruments deployed for interested parties (FSOS 2012). 
 
During a United Nations Conference on Sustainable Development held in 2012, the 
member states of Agenda 21 reaffirmed their commitment to work towards meeting the 
predefined objectives. Furthermore, a review of the progress achieved so far was con-
ducted, implementation gaps were identified and new emerging challenges addressed. 
The conference produced the report The Future We Want (UNCSD 2012). 
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More recently, the UN adopted a post-2015 development agenda titled Transforming 
our World: The 2030 Agenda for Sustainable Development containing a set of sustain-
able development goals (SDG) to continue global efforts to promote human develop-
ment (UN 2015).5 
 
Obviously, the characteristics of SD drawn from political documents are quite general. 
While they give an indication of the general direction, they are in need of interpretation. 
An operationalisation of the general guiding principles of SD requires interpretation in 
order to derive tangible criteria and goals, to the effect that different governmental and 
non-governmental interpretations of SD result.6 This is not surprising because societies 
as well as different groups within a society tend to agree on different norms, values and 
principles according to social preferences, local cultures or religious beliefs. Further-
more, objectives may also be linked to regional circumstances, such as the achieved 
level of social and economic development, knowledge on critical environment-
development issues or the availability of precious resources or specific types of energy 
fluxes or carriers. 
 
The different interpretations of the normative features of SD lead to a broad variety of 
objectives to be pursued (Hopwood, Mellor & O’Brian 2005; Kates, Parris & Leiserowitz 
2005; Van Zeijl-Rozema, Cövers, Kemp & Martens 2008). These different perspectives 
on SD involve, for example, contributions with a strong focus on ecological boundaries 
(Hueting & Reijnders 2004), normative questions on what goals a system has to sus-
tain (McCool & Stankey 2004), analyses of the relevance of local specifics (Brand & 
Karvonen 2007) and concepts of strong versus weak sustainability (Williams & Milling-
ton 2004). The manifold interpretations reveal that different underlying normative 
choices are made to assign, for example, a higher priority to the preservation of ecolog-
ical capital over human development or vice versa. 
 
Furthermore, the number of interpretations can also be partly explained by the evolu-
tion of SD: While early work focused mainly on resource scarcity and population 
                                               
5
 This thesis was in its final stages prior to the official release of the SDG in autumn 2016. 
Accordingly, a systematic consideration of the SDG was no longer possible. However, 
while I acknowledge their relevance in political contexts, I would like to emphasise that the 
goal of this thesis lies with drawing up a scientific framework for sustainability assess-
ments. In contrast, the SDG would seem to be a political consensus and were, thus, not 
produced through scientific analysis. Against this backdrop, I consider more dated sustain-
ability literature (WCED 1987) enriched with recent scientific interpretations to be a more 
adequate basis for my endeavour in developing a sound scheme for scientific analysis. 
6
 The breadth of results originating from the operationalisation of Agenda 21 has also been 
subject to scientific analyses (Haward & Van der Zwaag 1995). 
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growth, seeking to prevent an overexploitation of exhaustible resource stocks, the fo-
cus of the debate later shifted to the fragility of ecosystems and how the productivity of 
ecosystems affects the human well-being of current and future generations. The dis-
cussion ultimately expanded its scope from a purely environmental focus to also con-
sider aspects of fragility related to economic and social productivity. Today, the debate 
on SD even encompasses subjects outside the scope of traditional human-environment 
systems, such as the long-term viability of social security systems in industrialised 
countries. 
 
Figure 5 summarises the discussion on the normative features of the SD from the sev-
enties up to today. This figure shows from top to bottom how the focus of the key litera-
ture has moved from resource scarcity and population growth in the seventies to fragili-
ty of ecosystems and human well-being today, although more recent literature has 
broadened the scope of analysis to topics on economic productivity and social fragility. 
Moreover, the scope of the analysis has also expanded from a regional focus of forest-
ry and fisheries to more global issues like climate change. 
 
 
Figure 5: Evolution of the debate on sustainable development 
 (Own elaboration) 
 
As already mentioned at the beginning of this chapter, this section serves primarily to 
provide an overview of selected key milestones of the evolution of the conception of SD 
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in order to provide a frame for the normative basis for my work in the rest of this thesis. 
However, this overview also sheds light on the fact that while the Brundtland Report 
(WCED 1987) still holds the most frequently cited interpretation, the discussion on what 
is to sustain has given rise to a wide range of proposals for interpreting the normative 
features of SD (Sneddon, Howarth & Norgaard 2006). While Our Common Future as-
sumed, without a doubt, the central role in paving the way to a more comprehensive 
understanding on the interrelationships between human development and environmen-
tal deterioration and provided overarching objectives and instruments for the attainment 
thereof, there is good reason to believe that it may in the meantime have become out-
dated. Despite the fact that many authors of sustainability assessments base their con-
tribution on this famous interpretation (Gallego Carrera & Mack 2010; Grunwald & 
Rösch 2011; Maxim 2014), I argue that it may be more appropriate to base my contri-
bution on a scientific interpretation that also incorporates more recent findings of the 
scientific debate on SD. Against this backdrop, I shall argue for a more recent interpre-
tation of SD in chapter 7. This will enable me to base my contributions on sustainability 
assessments on a current scientific perception of the normative features of SD. 
 
However, the conception of SD not only provides guidance on what should be sus-
tained, but also acknowledges the importance of system transformation and policy in-
struments for carrying out such transformation. Since system transitions are part of 
governance, I shall therefore dedicate the next section to discussing the strengths and 
weaknesses of traditional governance and exploring key aspects of reflexive govern-
ance that might be better equipped to deal with current sustainability challenges. 
 
3.2 Instrumental aspects 
The guiding principles of SD imply the need for goal-oriented steering of societal de-
velopment. The core idea behind SD is based on a deep discontent with current devel-
opment patterns and the recognition that collective action is required to gear societal 
development towards more sustainable trajectories (Meadowcroft 2011). On the one 
hand, this assumes that societal development can be influenced to move in a desirable 
direction (Meadowcroft 1999). On the other hand, the implementation of SD seems to 
require a fundamental transformation of key systems delivering crucial services to their 
actors in a way that they no longer cause long-term environmental degradation. More-
over, governance of SD also seems to ask for changing the steering settings: The 
Brundtland Report argues for a more integrative policy approach in comparison to more 
traditional sectoral policies.  
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However this is further conceptualised, it remains undisputed that some form of active 
governance is required. For this thesis, I shall define governance as a process of insti-
tutionalised interactions between government institutions and other actor groups to 
achieve collective goals (Lange, Driessen, Sauer, Bornemann & Burger 2013). Such an 
understanding is both broad enough to capture the manifold steering phenomena and 
sufficiently specific to encompass the different components of steering, namely policy, 
politics and polity, on many different steering levels. Hence, the different modes of 
governance are captured. In the following discussion I do not want to raise the ques-
tion: What governance is best suited to deal with today’s complex sustainability chal-
lenges? Rather, I strive to provide a brief overview of some of the key aspects of SD 
governance which scholars could agree upon,7 starting with background information on 
traditional governance. 
 
In the past, government institutions were concerned with constructing key infrastruc-
tures, establishing administrative capacity to exercise political power and building a 
welfare state to distribute the benefits of economic growth among the population. 
These undertakings were perceived to be subject to low uncertainty and complexity: 
 
i) Clear goals. Government institutions were able to define goals for devel-
opment endeavours without involving other actors. This made the process 
of developing goal-oriented approaches relatively easy8 compared to to-
day’s sustainability challenges, such as climate change. 
 
ii) Centralisation of system knowledge. Administrations carried the relevant 
knowledge on system components to be developed without having to rely 
on cooperation with other actors. 
 
iii) Centralisation of decision-making power. Ownership of infrastructure 
was fully centralised on state-owned actors, enabling control over develop-
ment undertakings without the need to consider shared responsibilities. 
 
Based on these perceived characteristics of development endeavours, the instruments 
of forecasting, analysis and bureaucracy proved to be effective in driving societal de-
velopment (Hiller & Healey 2008). Although these development projects were deliv-
                                               
7
 At this stage, I would like to point to the huge body of literature on modes of governance 
and how it is linked to SD (Steurer 2010; Treib, Bähr & Falkner 2007). 
8
 However, this should not be confused with the claim that achieving such goals has been a 
relatively easy undertaking. 
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ered, the corresponding infrastructure has started to have unintended effects, such as 
long-term environmental degradation or technological hazards, which in turn questions 
the efficacy of the instruments applied. This not only demands a shift in focus from de-
ploying infrastructure to better aligning it, but also requires increased efforts in integrat-
ing policies (Kemp, Parto & Gibson 2005). At the same time, the pursuit of increased 
specialisation led to a gradual decentralisation of ownership so that today a number of 
actors assume shared responsibility for the development and operation of key infra-
structure. Accordingly, the focus of government institutions in industrialised countries 
shifted from establishing new infrastructure towards integrating systems and preventing 
erosion of the ecological capital (Beck 1994). These endeavours are also directed at 
achieving SD. However, they are subject to much higher levels of uncertainty and 
complexity: 
 
i) Unclear goals. Normative objectives of SD demand a reflexive process to 
respond to unintended consequences, rather than a fixed vision of the fu-
ture. This leads to a high level of ambivalence on goals and calls for open-
ended approaches to dealing with plurality (Stirling 2009). 
 
ii) Decentralisation of system knowledge. Complex sustainability issues 
arch across different social actors, technologies and ecological capacities 
leading to a fragmentation of key system knowledge among various actors 
(Pahl-Wostl 2007). 
 
iii) Decentralisation of decision power. The ownership of relevant system 
components, which are to be transformed to remedy sustainability issues, 
often rests on multiple actors. This requires coordination among different ac-
tors, who may follow different agendas to collectively resolve such complex 
issues (Czada & Schimank 2000). 
 
There is broad agreement among scholars and policy makers that traditional instru-
ments to steer societal development relying on command and control, such as legisla-
tion or standards, or market-based approaches, including information campaigns or fi-
nancial incentives, may no longer be able fully deal with current sustainability challeng-
es (Newig & Voss 2010). Hence, new modes of governance, which are better geared to 
respond to high uncertainty and complexity, may be required (Lange, Driessen, Sauer, 
Bornemann & Burger 2013). Some scientists argue that steering societal development 
is increasingly becoming a shared responsibility among government and market actors 
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as well as civil society (Rhodes 1997). They argue that in order to implement SD, gov-
ernance may have to strive for a co-evolutionary understanding, increased participation 
and social learning (Newig, Voss & Monstadt 2008). This may require the deployment 
of a different set of policy steering instruments, such as procedural policies and a mu-
tual definition of sustainability visions or experiments. They emphasise that to enable 
the collective organisation of societal steering, governance may have to create new 
opportunity spaces (Voss, Bauknecht & Kemp 2006). Due to a strong focus on feed-
back and learning, these modes of governance are often referred to as reflexive gov-
ernance. Two of the most frequently applied and researched approaches to reflexive 
governance are transition management and adaptation management: 
 
i) Transition management. This approach originates from system theory and 
evolutionary economics and is geared to resolving issues in socio-technical 
systems, such as energy systems or agriculture (Rotmans, Kemp & Van 
Asselt 2001). Transitions are understood as fundamental changes in major 
systems involving shifts in dominant technologies and societal practices 
over a long period of time. A core requirement for this governance is a com-
prehensive understanding of the key system dynamics and collective organ-
isation that influence societal development. The governance of transition 
management is structured into four stages: Firstly, a broad range of actors 
bearing key knowledge of the system in question create a transition vision in 
so-called transition arenas. Secondly, based on this vision, a transition 
agenda is drawn up mirroring translations of the vision to objectives for indi-
vidual organisations, including forms of cooperation among actors. Thirdly, 
actors develop and test transition experiments while successful innovations 
are further pursued. Fourthly, a monitoring or reflexive process ensures that 
learnings on transitions are shared (Meadowcroft 2011). 
 
ii) Adaptive management. Researchers on resource management, modern 
ecology and resilience theory developed adaptive management for socio-
ecological systems. This is based on the recognition that ecosystems are 
subject to different evolutionary processes which operate on different time 
scales. Furthermore, several equilibrium states exist. Accordingly, it is being 
argued that the management of ecosystems has to be flexible and adaptive, 
as the environment evolves in various cycles of destruction and regenera-
tion as opposed to the linear growth patterns human societies strive for. The 
central objective of adaptive management lies in maintaining the resilience 
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of socio-ecological systems by increasing their capacity to cope with com-
plex dynamics. Since the consequences of interactions with ecosystems are 
too complex to predict and it is not possible to foresee the right measures, 
experiments are carried out to test new innovations and to collectively gain 
insights on the resulting effects on the environment. Policies are then cau-
tiously adjusted based on the results obtained. Moreover, advocates of this 
approach argue that the current trajectory that seeks maximum sustainable 
yields may have to be discarded, as accomplishing this task is likely to lead 
to the increased vulnerability of ecosystems. Special attention should be 
paid to maintaining diversity which is thought to enhance the resilience of 
ecosystems and socio-ecological systems (Gunderson & Holling 2001). 
 
Both approaches foresee the collective contributions of different actors towards com-
mon objectives: In transition management, actors come together to mutually define vi-
sions which serve as a basis for developing innovation projects. In adaptive manage-
ment actors collectively conduct new experiments. Furthermore, both approaches ex-
hibit features of assessments, where the current state is evaluated against predefined 
objectives: in transition management, a comparison is carried out of the performance of 
the projects conducted against predefined targets. Similarly, in adaptation management 
the success of innovations is evaluated to decide whether policies are to be adapted. 
 
Whether these two approaches are really appropriate is a question that has been sub-
ject to controversial debates and scientific analyses (Folke, Hahn, Olsson & Norberg 
2005; Foxon, Reed & Stringer 2009; Loorbach 2010; Meadowcroft 2009; Voss, Smith & 
Grin 2009; Voss & Bornemann 2011), but answering this question clearly lies beyond 
the scope of this thesis. At this stage, their discussions serve as examples of the gen-
eral characteristics of SD governance as stated above. Nonetheless, at a more general 
level, there is a broad consensus among many scholars that the successful implemen-
tation of SD is likely to require closer collaboration between administrations and non-
governmental actors, as well as between government agencies (Steurer 2010). Against 
this backdrop, I take it to be a good assumption for my work that the traditional ways of 
governing may no longer be fully capable of dealing with complex sustainability issues: 
SD governance is confronted with unclear goals, decentralisation of system knowledge 
and of decision power and has to take these features into account. Accordingly, SD 
governance will most likely have to be based on reflexive governance and, for my work 
here, I shall assume that reflexive governance is a necessary precondition for SD. 
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Figure 6 compares the cornerstones of traditional governance with transition and adap-
tive management based on the arguments presented in this section. The objectives 
and instruments of traditional governance are shown on the left-hand side of this figure, 
while the same information is displayed for reflexive governance on the right-hand side. 
Furthermore, a brief summary of the key cornerstones of transition management and 
adaptive management is provided. 
 
 
Figure 6: Traditional and reflexive governance 
 (Own elaboration) 
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When talking about SD, so my arguments goes, we cannot only take into account the 
potential target, namely, what should be sustained; we also need to consider the condi-
tions and requirements for societal transformation. Accordingly, SD and SD govern-
ance are intrinsically linked. Understanding the state of SD, as well as steering societal 
transformation towards more sustainable development, calls for some form of evalua-
tion or assessment. This leads us the third part of this chapter. 
 
3.3 Sustainability assessments 
Scholars and politicians generally agree that assessment schemes are part of a set of 
steering instruments that seek to inform decision making on the long-term development 
of key systems (Pope, Annandale & Morrison-Saunders 2004). Adopting well-founded 
assessment tools and approaches is thought to reduce the risks of potentially errone-
ous decision making. These procedures are often referred to as impact assessments 
(IA) and sustainability assessments are a type of such IA. Many researchers assign 
pivotal roles to sustainability assessments as they are designed to provide a basis for 
evidence-based and goal-oriented decision making (Bond, Morrison-Saunders & Howitt 
2012): By evaluating data from a system under review against predefined sustainability 
requirements, sustainability assessments lay the foundation for supporting or rejecting 
critical development projects or policy instruments. Owing to the resounding impact the 
results of sustainability assessments can have, the quality of the underlying data plays 
a crucial role. 
 
Today, a wide range of sustainability assessments is applied by various actors and 
some researchers argue that sustainability-related decisions are often made without 
sufficiently comprehensive analyses (Gibons 2012; Morrison-Saunders & Pope 2013). 
Against this backdrop, I shall first summarise key events in the evolution of IA that led 
to what we today call sustainability assessments. Owing to the high number of sustain-
ability assessments approaches proposed today, I shall then point to established cor-
nerstones of IA and argue for a set of additional basic features that sustainability as-
sessments should exhibit in order to provide a sound basis for evidence-based and 
goal-oriented decision making for the long-term development of key systems and to re-
duce the risk of omitting crucial aspects. Accordingly, this section aims to lay out the 
basic structural components of sustainability assessments, which will serve as a basis 
for a review of current proposals for sustainability assessments in chapter 4. 
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Sustainability assessments are still relatively new instruments as the origin of such 
usually, but not necessarily, multi-criteria evaluations can only be traced back as far as 
the nineteen seventies: Against the backdrop of increasing environmental issues, some 
government agencies started declaring environmental impact assessments (EIA) as 
mandatory procedures (Ecclestone 2008).9 These evaluation schemes were primarily 
designed to assess the ecological impacts of infrastructure projects or new goods, such 
as chemicals (Marriott 1997). Some scientists argue that even these earliest versions 
of IA exhibit normative and instrumental features (Bartlett & Kurian 1988; Boggs 1995; 
Caldwell 1982): On the one hand, EIA are subject to the objectives of environmental 
conservation and human development while, on the other hand, they institutionalise 
fact-based decision making. Accordingly, the general perception is that EIA resemble 
procedurally rational decision-making approaches, where the provision of more rele-
vant data is thought to lead to better decisions (Cashmore & Kørnøv 2012). In parallel, 
however, some scholars argue that EIA may have also contributed towards establish-
ing a general perception that decision makers have to trade off environmental conser-
vation against social or economic development (Wathern 1988). 
 
More than a decade later, the global recognition of the report Our Common Future had 
a profound impact on the normative features of IA: Hitherto used to provide a descrip-
tion of impacts of key infrastructure projects or new products on the environment, they 
were now seen as instruments to drive the operationalisation of SD with a strong focus 
to achieve intergenerational justice (Cashmore & Kørnøv 2012). In parallel, the debate 
on the operationalisation of SD also brought about shifts in the perception on appropri-
ate modes of SD governance: There is a broad consensus among scientists on SD that 
implementing SD may have to encourage some form of participation, for example by 
involving experts or groups of people, to broaden the knowledge base or develop solu-
tions (Bond, Viegas, Coelho & Selig 2010). Accordingly, IA are today deployed in some 
cases to promote mutual learning in general (Hertin, Turnpenny, Jordan, Nilsson, Rus-
sel & Nykvist 2009; Jha-Thakur, Gazzola, Peel, Fischer & Kidd 2009) or, in other cas-
es, on the analysis of interdependencies within complex coupled human-nature sys-
tems in particular (Bond & Morrison-Saunders 2011). Thus, the role of IA changed from 
merely informing decisions, such as in EIA, to assessing contributions to sustainability 
objectives. Ultimately, this development gave rise to what we call today sustainability 
assessments.  
                                               
9
 Some scientists consider the adoption of the National Environmental Policy Act in the USA 
to have paved the way for more systematic IA-based approaches to inform decision mak-
ing (Ecclestone 2008). 
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Meanwhile, sustainability assessments are frequently applied to critical development 
endeavours or sectoral policy strategies in some countries and the results are often 
discussed publicly (Ali 2012). They are often holistic in nature and cover social, eco-
nomic and environmental aspects (Santoyo-Castelazo & Azapagic 2014). Accordingly, 
framing the relevant system scope is a major challenge for every sustainability as-
sessment. However, while traditional EIA do not strive to assess contributions to SD 
and focus on providing descriptive information on resource consumption and pollutant 
emissions, sustainability assessments are designed to evaluate data against prede-
fined sustainability requirements which express goals for development. Hence, to in-
form decision makers comprehensively, I argue that sustainability assessments have to 
meet two distinct requirements: Firstly, they have to cover the relevant features of the 
system in question.10 Secondly, they have to make transparent the normative assump-
tions on the operationalisation of the normative guiding principles of SD.11 Against this 
backdrop, I argue that the basic features of sustainability assessments must consider 
both the functional aspects of the system and the normative requirements of SD. 
 
However, while EIA have become proven routines that have served their purpose suc-
cessfully over the decades and their basic features and underlying methods are today 
standardised, sustainability assessments have suffered the same fate as the concep-
tion of SD: the ambiguity of the model not only gives rise to a multitude of different in-
terpretations of SD, but the design of sustainability assessments is also subject to plu-
ralism (Davison 2001). While the debate on what should be sustained continues at a 
general level, universally applicable objectives for sustainability assessments cannot 
be unequivocally determined: Since the perception on what is considered sustainable 
is also bound to the values, norms and principles of individuals or groups within a soci-
ety, it may not be possible to obtain a single best solution for all actors if their views dif-
fer (Pope & Morrison-Saunders 2012). There are cases where even two government 
agencies of the same state come to different conclusions for the same projects (Pope, 
Morrison-Saunders & Annandale 2005). In order to bypass this dilemma, some authors 
of sustainability assessments refrain from evaluating system data against predefined 
sustainability objectives, preferring to compare development options in order to rec-
ommend the least unsustainable one (Scanlon & Davis 2011). Similarly, the ambiguity 
in answering the general question of how this should be sustained transcends the 
realm of sustainability assessments as effective forms for participation is still being ex-
                                               
10
 I will argue later that these features are the functional aspects of the system. 
11
 Several scientific papers highlight the hybrid character of SD in general (Christen & 
Schmidt 2011). 
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plored (Doelle & Sinclair 2006; Monnikhof & Edelenbos 2001): Some authors use par-
ticipatory approaches to bring a group of people together to discuss the many facets of 
the problem at hand (Gastil & Black 2008), while others revert to expert interviews to 
determine priorities for criteria or indicators and thereby delegate decisions on what 
should be sustained to their interviewees (Ribeiro, Ferreira & Araújo 2013). These ex-
amples illustrate the pluralism faced today when talking about the constitutive elements 
of sustainability assessments. Furthermore, it is a well-known fact that assessment 
processes have to be context specific to work, by considering values, cultures and po-
litical aspects (Bina 2008). Accordingly, sustainability assessments might be subject to 
ambiguity by design. 
 
Against this backdrop, it becomes obvious that I cannot rely solely on investing existing 
theory to present the basic structural features of sustainability assessments. I rather 
have to formulate and argue for a set of basic components that constitute sustainability 
assessments. To do so, I shall adopt a two-stage approach to determine the necessary 
components of sustainability assessments: Firstly, I shall take those elements of EIA 
that are undisputed and have proven to be effective in providing a basis for evidence-
based decision making. Since both EIA and sustainability assessments aim to do ex-
actly that, there is good reason to believe that the methodological components of EIA 
will also be of use in sustainability assessments. Secondly, I shall then argue for those 
features that I deem necessary to consider the new requirements brought into the dis-
cussion by the SD model. The review of selected milestones in the evolution of IA re-
vealed that the orientation to normative objectives is a fundamentally new requirement. 
Accordingly, I argue that sustainability assessments have to be able to evaluate system 
data against predefined normative objectives. This is a new feature, hitherto absent in 
EIA. Against this backdrop, I argue that, in contrast to EIA, sustainability assessments 
also have to provide a basis for goal-oriented decision making. Hence, I shall also ar-
gue for a set of basic features to provide a basis for goal-oriented decision making. To-
gether, these elements can be expected to make up the necessary features of sustain-
ability assessments. Hence, I shall proceed by first elaborating those elements of EIA 
that can be expected to also equip sustainability assessments with the ability to provide 
a basis for evidence-based decision making. 
 
National laws are the primary source of the requirements imposed on the contents of 
EIA; these policies vary across jurisdictions, but the following features can consistently 
be found: (i) A description of the environment prior to the implementation of the project, 
(ii) an outline of the planned endeavour including alternatives, (iii) an analysis of the 
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expected impacts on the environment and human health, and (iv) an overview of 
measures to reduce the impacts (Frischknecht & Schmied 2009). Furthermore, in order 
to operationalise EIA and meet these requirements, authors consistently draw on the 
following basic features and methodologies: 
 
i) Criteria. EIA often provide data of specific indicators on an aggregated level 
to summarise the performance of key areas of the system in question. Crite-
ria group data of indicators belonging to the same theme across several 
system components or value creation stages. ‘Greenhouse gas emissions’ 
is an exemplary criterion measuring all types of gaseous emissions that, 
among others, drive global warming. ‘Energy efficiency’ is another exempla-
ry criterion used to measure energy conversion losses across technical 
components or transformation stages in energy systems. Accordingly, crite-
ria serve the purpose to facilitate an overview of relevant subjects of the as-
sessment to enable, for example, decision makers to spot areas of concern 
easily (Myllyviitta, Holma, Antikainen, Läthinen & Leskinen 2012; Papado-
poulou & Antoniou 2014; Pollesch & Dahle 2015). 
 
ii) Indicators. EIA often contain indicators providing detailed quantitative data 
on specific aspects of a system involving various system components (Bru-
inen de Bruin et al. 2015; Nguyen, Bonetti, Rogers & Woodroffe 2016). To 
extract this data, life cycle assessments are often used (Corsten, Ramírez, 
Shen, Koornneef & Faaij 2013; Li, Zhu & Zhang 2010). ‘Carbon dioxide’ 
emissions in ppm or ‘Solar irradiation’ in W/m2 are typical examples of indi-
cators potentially used in EIA. Indicators serve the purpose of pinning down 
the exact source of unsatisfactory developments and enable the develop-
ment of policy measures that address specific system issues. While some 
perceptions exist that target values are an integral part of indicators, this 
does not hold true for EIA, where predefined goals are often absent. For the 
sake of transparency, I shall therefore treat target values, which also appear 
in sustainability assessments, as a distinct structural element. 
 
iii) Ex post analysis. The criteria and indicators included in EIA, as well as 
their methods such as life cycle assessments, aim to extract and report in-
formation to environmental government agencies. In some jurisdictions, au-
thors of EIA are obliged by law to produce alternative options to the pro-
posed solution (Frischknecht & Schmied 2009). Meeting this requirement 
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raises questions on appropriate time scales to inform decision makers. A 
review of published EIA shows that the majority of authors opted to present 
the impacts of options based on data pertaining to the present or the near 
future (Rocchetti & Beolchini 2014; Suleman, Dincer & Agelin-Chaab 2015). 
While this is sufficient to meet the requirements in some countries, it may 
not be forward looking enough in sustainability contexts to allow opinions to 
be formed on whether opportunity spaces are also preserved for future gen-
erations. This, however, is a subject that I shall touch on later in this section. 
 
Based on this overview of the key features of EIA, I am in a position to summarise 
three core components that can also be expected to be necessary in sustainability as-
sessments: criteria, indicators and ex post analyses. 
 
This now raises the following question: What additional requirements have to be cov-
ered by sustainability assessments to not only inform decision makers according to the 
legal requirements stemming from the National Environmental Policy Act (NEPA), but 
also to evaluate the contributions made by certain endeavours against sustainability 
objectives? In order to answer this question, I shall revert to three new key require-
ments that are highlighted by Our Common Future and, thus, are additional require-
ments of NEPA regulations: Firstly, SD imposes the objective that the ecological capital 
has to be maintained for future generations. In contrast to NEPA, I argue that this ob-
jective mirrors a condition against which the current state of a system may be evaluat-
ed to draw conclusions on the attainment of SD. Accordingly, while under NEPA laws it 
is sufficient to conduct an environmental impact assessment process, the normative 
objectives of SD call for an evaluation against predefined sustainability targets. Since I 
have already acknowledged the manifold interpretations of SD, I argue that sustainabil-
ity assessments need to contain structural features related to a description of the cho-
sen normative foundation and goals for criteria and indicators. Secondly, the overarch-
ing objective of SD to preserve opportunity spaces for future generations implies that 
development endeavours need to be reviewed on long time schedules. Against this 
backdrop, it seems reasonable to also introduce a basic component that addresses ex 
ante analysis. Thirdly, there is broad agreement among researchers on SD that attain-
ing SD is likely to require system transitions where a close collaboration among state-
owned institutions and other types of societal actors is required (Bond & Morrison-
Saunders 2011; Hertin et al. 2009; Jha-Thakur, Gazzola, Peel Fischer & Kidd 2009). 
This demands a holistic system analysis encompassing social actors and their societal 
steering processes. Accordingly, I argue that sustainability assessments need to con-
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sider these three additional requirements. I shall proceed by further elaborating this set 
of additional features, which is expected to equip sustainability assessments with the 
ability to provide a basis for goal-oriented decision making: 
 
iv) Normative foundation. The ambiguity of the conception of SD has given 
rise to various interpretations of the guiding principles. Most perceptions are 
based on an integrated approach related to environmental, social and eco-
nomic development to achieve intra- and intergenerational justice. However, 
it is a well-known fact that different interpretations exist (Lélé 1991). The 
approach of weak vs. strong sustainability shows that interpretations of SD 
can vary significantly or even be contradictory (Neumayer 2013). As argued 
earlier, sustainability assessments have to be based on an interpretation of 
SD in order to be able to evaluate system data against sustainability objec-
tives. However, I also argued that assessment schemes have to be adapted 
to specific contexts (Bond & Morrison-Saunders 2012). Accordingly, while 
one has to choose an interpretation of SD, there is little point in striving for a 
standardisation of the normative basis for sustainability assessments. 
Against this backdrop, I argue that authors should provide transparency on 
which interpretation they chose for the sake of comparability and to enable 
discussions on how interpretations of SD affect the results of sustainability 
assessments. 
 
v) Steering and instrumental rules. It is a frequent complaint that the ambi-
guity of the guiding principles of SD obstructs the operationalisation of the 
conception, as it is too abstract to directly determine tangible goals. Against 
this backdrop, one way of translating abstract sustainability objectives into 
more specific targets lies with applying a multi-step procedure. The latter 
has proven successful in facilitating the process of breaking down ambigu-
ous sustainability principles into an enriched set of rules (Kopfmüller et al. 
2001): ‘To harvest renewable resources within regeneration rates’ is an ex-
emplary steering rule for a key infrastructure system. Providing information 
on the process of formulating general goals based on the guiding principles 
of SD will allow for a better understanding on how objectives are translated 
into more tangible metrics. Such a procedure could promote discussions on 
the appropriateness of methodologies and allow for differentiated compari-
sons of results with other assessments that draw on different normative 
foundations or approaches. Accordingly, I argue that steering and instru-
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mental rules are another essential structural component of sustainability as-
sessments. 
 
vi) General goals and target values. It is widely acknowledged among schol-
ars of SD that while EIA serve the purpose to inform decisions on environ-
mental governance, sustainability assessments are intended to evaluate 
contributions to SD (Cashmore, Gwillam, Morgan, Cobb & Bond 2004; Sad-
ler 1996). This does, however, require translating the rather abstract norma-
tive objectives of SD into more tangible goals. A review of sustainability as-
sessments that contain targets revealed that most contributions previously 
focused on instrumental aspects (Wood 2002) with only occasional exam-
ples that exhibit substantive sustainability goals (Jones et al. 2005; The-
ophilou, Bond & Cashmore 2010). Assuming that the same structural ele-
ments of EIA are being reused in sustainability assessments, such as crite-
ria or indicators, then some researchers argue that the normative objectives 
of SD could be broken down and mapped to these criteria and indicators 
(Moldan, Janoušková & Hák 2012). In line with this argument, general goals 
may be derived from an interpretation of SD for each criterion using the mul-
ti-step procedure elaborated above. Such an approach would allow for sys-
tem data to be assessed against SD goals to identify areas of unsatisfactory 
performance. While such an approach has only been tried on a more ag-
gregated level, initial results look promising (Grunwald & Rösch 2011). Ac-
cordingly, I also argue that general goals and target values are a basic fea-
ture of sustainability assessments. 
 
vii) Ex ante analysis. Traditionally, sustainability assessments are applied to 
human-environment systems which are known to evolve over time (Bell & 
Morse 2008). This aspect is of relevance, as SD addresses issues of equity 
among current and future generations12 (Dresner 2008). Sustainability as-
sessments therefore assume a long-term perspective as the pursuit of SD 
inevitably requires that today’s projects refrain from leaving toxic legacies to 
future generations.13 EIA, in contrast, are designed to assess relatively 
                                               
12
 At this stage, I would like to add that so far no consensus has been reached among re-
searchers on exactly what form of equity should be established among generations (Stof-
fle, Stoffle & Sjölander-Lindqvist 2012). 
13
 The case of nuclear power can also be used to illustrate this interdependency. Nuclear 
power offers low electricity costs to current generations at the expense of passing on unre-
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short-term impacts of endeavours without considering the societal or tech-
nological developments that may happen in the distant future (Adam 2004). 
Accordingly, EIA are only partly able to deal with lengthy time frames. Some 
scholars argue that one way to consider aspects of intergenerational justice 
is to complement the basic features of EIA with sophisticated system mod-
els that allow probable scenarios to be produced (Gutzler et al. 2015). 
Based on scenario assessments, potential long-term effects may be identi-
fied early. Accordingly, I propose to include ex ante analyses in the list of 
constitutive elements for sustainability assessments. 
 
viii) System representation. As outlined in section 3.2, my work is based on 
the assumption that today’s sustainability challenges are characterised by a 
fragmentation of key system knowledge across various types of societal ac-
tors. Not surprisingly, key literature on SD consistently suggests involving 
actors in processes related to sustainability assessments (Boer 1995; Hart-
ley & Wood 2005). There is, however, little agreement among scholars on 
the most appropriate form of participation (O’Faircheallaigh 2010). Nonethe-
less, authors tend to agree that some form of participation is required in or-
der to build a common understanding on the problem at hand and develop 
potential solutions as well as to involve actors in decision making. Such col-
laborations are known to have the potential to foster mutual learning, as dif-
ferent views and approaches are explored to gain insights on functional, in-
strumental or normative aspects (Glasbergen 1996; Sinclair & Diduck 2001). 
Coming back to my introductory remark that system knowledge can be ex-
pected to be scattered across various actors, then some form of participa-
tion can contribute to a clearer understanding of the system subject to the 
analysis. Such an endeavour is likely to include defining relevant system 
properties, or components, which are likely to be part of a sustainability as-
sessment. Without going into a detailed discussion on the most adequate 
form of participation here, I shall assume that creating a holistic system rep-
resentation is a prerequisite for any sustainability assessment to determine 
relevant system features and that such an endeavour might require the in-
volvement of various actors. 
 
                                                                                                                                         
solved issues with the disposal of nuclear waste to future generations (Drottz-Sjöberg 
2010; Stoeglehner, Levy & Neugebauer 2005). 
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Within this section, I first elaborated how sustainability assessments evolved from EIA 
and then argued why EIA need to be enriched with additional basic features in order to 
be able to assess contributions to SD. I then explored the additional features which are 
thought to enable sustainability assessments to provide a basis for evidence-based 
and goal-oriented decision making on the long-term development of key systems. Ac-
cordingly, I argue that in order to operationalise sustainability assessments successful-
ly, they may have to exhibit those functional and normative structural elements which I 
presented in this section. 
 
Against this backdrop, Figure 7 schematically compares the structural elements of EIA 
on the left-hand side with those of sustainability assessments on the right-hand side. 
This figure shows that EIA require fewer structural features to meet the requirements 
stipulated under NEPA. The diagram also highlights the increased complexity that sus-
tainability assessments exhibit in comparison with EIA. 
 
 
Figure 7: Comparison of basic features of EIA with sustainability assessments 
 (Own elaboration) 
 
The structural elements of sustainability assessments elaborated in this section will 
serve as a basis for reviewing and discussing proposals on sustainability assessments 
in the next chapter. I will therefore focus mainly on contributions proposed by the scien-
tific community and to a lesser extent on how their methodological proposals diffuse to 
practical applications of other actors, such as government institutions, associations or 
market actors. 
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The review of today’s sustainability assessments will serve as a basis for identifying 
shortcomings in today’s sustainability assessments. Since I stressed the high rele-
vance of electric power systems in modern societies, I shall review only contributions 
related to this system. Accordingly, I shall proceed with a presentation and discussion 
of a sample of current contributions comprising sustainability assessments of electricity 
systems.  
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4 Review of existing literature 
This chapter serves the purpose for reviewing and discussing a selected sample of sci-
entific contributions on sustainability assessments in the field of energy according to 
the basic features of sustainability assessments defined in section 3.3. The output of 
this endeavour will consist of a summary of identified shortcomings in today’s contribu-
tions in relation to the basic features for sustainability assessments that were previous-
ly provided. 
 
An overview of the actors producing sustainability assessments today will serve as a 
starting point for my analysis in this chapter. I shall then proceed to selecting a sample 
of sustainability assessments for evaluation, consisting of recent contributions and 
those proposals that significantly shaped the scientific debate on sustainability as-
sessments, and present a brief summary on selected key content. I shall then evaluate 
the sample of sustainability assessments against the basic features presented in the 
previous section. Based on this analysis, I shall be in a position to identify shortcom-
ings in existing contributions. Furthermore, I shall review a smaller sample of practical 
contributions by other actors to assess to what degree issues pertaining to scientific 
contributions are carried forward to sustainability policies, standards and reports. 
 
4.1 Actors and interests 
Today, sustainability assessments and related documents, such as sustainability re-
ports, are published by a wide range of actors who may be classified into four distinct 
groups: researchers, policy makers and administrations, market actors, and civil socie-
ty actors. These actors assume different responsibilities in society and their interests 
vary, so that their contributions serve different purposes: 
 
i) Researchers. Scientists develop and propose new approaches and meth-
ods for sustainability assessments. Furthermore, they conduct specific case 
studies to discuss the strengths and limits of proposed methodologies. In 
some cases, they draw on sustainability assessments to demonstrate the 
proficiency of specific technologies (Shortall, Davidsdottir & Axelsson 2015). 
Scholars exhibit a strong methodological focus and seek to continuously re-
fine applied approaches and methods. Today, sustainability assessments 
are still relatively new instruments and research on this subject is therefore 
still at an early stage (Cinelli, Coles & Kirwan 2014). The quality of scientific 
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contributions is very important as scientific proposals can be expected to 
serve as a basis for practical applications of other actors. 
 
I expect contributions from scientists to consist of a wide range of proposals 
on approaches and methods to be applied while. I also expect researchers 
to conduct case studies in the field to explore the strengths and weaknesses 
of specific approaches or methods. 
 
ii) Policy makers and administrations. Voluntary commitments by member 
states made in the context of Agenda 21 have put pressure on governments 
to implement policies promoting SD. Against this backdrop, some policy 
makers seek to adopt the guiding principles of SD in national constitutions 
and conduct sustainability assessments to monitor the developments in key 
systems and identify areas for intervention. In some cases, sustainability 
assessments are based on sectoral policy strategies, such as regional plan-
ning (Ali 2012). The alignment of SD requirements with policies is perceived 
as a continuous process where indicators are adjusted according to devel-
opments (Gallego-Álvarez, Galindo-Villardón & Rodríguez-Rosa 2015). Ad-
ministrations often cooperate with scholars and tend to apply those method-
ologies that are proposed by researchers. 
 
Transcribing sustainability requirements into national policies is a key chal-
lenge for administrations. I expect contributions to display a strong focus on 
operationalising SD. Their contributions are of high relevance, as market ac-
tors are meant to relate their sustainability reporting to policy objectives. 
 
iii) Market actors. Operators of power infrastructure may draw on scientific 
sustainability assessments as an input to develop new business models 
(Heikkurinnen & Bonnedahl 2013). Furthermore, new regulatory incentives 
originating from sustainability assessments may allow agile suppliers to cap-
italise on new business opportunities. Moreover, manufacturers and suppli-
ers sometimes publish sustainability reports to obtain licences to operate in-
frastructure facilities, such as mines or power plants, or to demonstrate 
benefits of specific projects to the public. The realisation of key infrastruc-
ture projects often requires EIA or some form of multi-criteria assessment to 
acquire corresponding concessions. The motivation of infrastructure opera-
tors to produce sustainability reports therefore may also lie with gaining so-
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cial acceptance (Prno & Slocombe 2012). The sustainability reports of pow-
er infrastructure operators are vital for monitoring purposes, as they have 
access to data on the performance of system components otherwise una-
vailable to governments. 
 
I expect these contributions to provide less of a holistic system evaluation 
and to potentially be biased towards supporting own strategies or projects. 
Ultimately, the goal of these sustainability reports can be expected to lie 
primarily with presenting the beneficial aspects of corporate enterprises or 
their endeavours to gain permissions from administrations and the public. 
However, while the number of published sustainability reports is on the rise, 
their impact on actor interaction remains questionable (Barkemeyer, Preuss 
& Lee 2015). 
 
iv) Civil society. Organised institutional actors seek to influence policy pro-
cesses in favour of their members. Based on members’ preferences, they 
develop common positions on policies and participate in public processes 
on behalf of their members and thereby invest their interpretation of SD. 
Sustainability assessments are sometimes seen as effective instruments for 
environmental organisations to combat specific projects whenever they feel 
that ecological aspects are underrepresented (WWF 2013). Sectoral asso-
ciations support members by developing standards for sustainability reports 
(Rahdari & Rostamy 2015), while internationally accepted reporting stand-
ards are also increasingly applied (Roca & Searcy 2012). 
 
I expect contributions from environmental organisations to be geared to em-
phasising the adverse effects of specific projects on the environment or the 
strengths of clean technologies. In contrast, I expect proposals by sectoral 
associations to resemble standards for sustainability reporting. Their contri-
bution is important as manufacturers and suppliers may base their sustain-
ability reporting on standards promoted by sectoral agencies. 
 
Based on this overview, it becomes obvious that scientific contributions are highly rele-
vant as other actors are likely to base their work on proposed methodologies. This em-
phasises the vital importance of applying effective approaches and methods in sustain-
ability assessments. However, market actors can also be expected to consider contri-
butions by sectoral agencies: They may opt to base their work on standards, such as 
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the Global Reporting Initiative (GRI 2015; Marimon, Del Mar Alonso-Almeida, Del Pilar 
Rodríguez & Cortez Alejandro 2012), or consider indices, like the Sustainable Society 
Index (Van de Kerk & Manuel 2008). Figure 8 shows the four main actors mentioned 
previously including their interests. Furthermore, the figure illustrates how scientific 
proposals and standards are disseminated from researchers and associations on the 
left to policy makers and administrations, as well as manufacturers and operators, on 
the right. 
 
 
Figure 8: Actors and interests related to sustainability assessments 
 (Own elaboration) 
 
I shall proceed by selecting contributions to be reviewed in more detail according to the 
structure of actors publishing sustainability assessments and related documents. 
 
4.2 Selection of research sample 
To obtain a representative picture on the current state of scientific proposals for sus-
tainability assessments, policy instruments to operationalise SD, standards and re-
ports, I shall split the sample into two categories: research contributions and practical 
applications. I shall first review scientific proposals in more detail as their contributions 
often serve as a starting point for efforts of other actors. 
 
For scientific contributions, I shall consider those proposals that had a strong impact on 
the discussion on appropriate methodologies for sustainability assessments, starting 
from the year 2000. Moreover, I shall consider some of the more recent and most fre-
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quently cited contributions which have also had a strong influence on the current de-
bate on sustainability assessments. I expect these contributions to exert a strong influ-
ence on future practical applications. 
 
Table 1 lists the selected scientific contributions in alphabetical order. It provides the 
names of the authors, the year of the publication, the title of the paper, a short descrip-
tion of the aim and scope, as well as a brief summary of the applied methodologies: 
 
Authors Year Title Aim and scope Methodology 
Afgan, Carvalho & 
Hovanov 
2000 Energy system assessment 
with sustainability indicators 
Development of indicators 
for energy systems based on 
the concept of sustainability 
Conceptual deduc-
tion of indicators 
with a case study 
Dombi, Kuti & 
Balogh 
2014 Sustainability assessment of 
renewable power and heat 
generation technologies 
Evaluation of most beneficial 
renewable energy technolo-
gies 
Multi-criteria as-
sessment with ex-
pert choice 
Evans, Strezov & 
Evans 
2009 Assessment of sustainability 
indicators for renewable ener-
gy technologies 
Assessment of renewable 
energy technologies against 
sustainability indicators 
Life cycle assess-
ment 
Gallego Carrera & 
Mack 
2010 Sustainability assessment of 
energy technologies with so-
cial indicators 
Development of a set of so-
cial indicators for energy 
technologies 
Synthesis of litera-
ture and expert sur-
vey 
Grunwald & Rösch 2011 Sustainability assessment of 
energy technologies: towards 
an integrative framework 
Development of an integra-
tive sustainability framework 
with normative aspects 
Conceptual deduc-
tion of principles 
with case study 
Heinrich, Basson, 
Cohen, Howells & 
Perie 
2007 Ranking and selection of pow-
er expansion alternatives for 
multiple objectives 
Development of a methodol-
ogy to rank power expansion 
alternatives 
Multi-criteria and 
scenario analysis 
with case study 
Hirschberg et al. 2005 Neue erneuerbare Energien 
und neue Nuklearanlagen: Po-
tenziale und Kosten 
Evaluation of costs and po-
tentials of renewable energy 
tech. and nuclear power 
Synthesis of expert 
opinion and litera-
ture 
Jeswani, Gujba & 
Azapagic 
2011 Assessing options for electrici-
ty generation from biomass on 
a life cycle basis 
Evaluation of co-firing coal 
and biomass based on envi-
ronmental impacts and costs 
Life cycle assess-
ment 
Karger & Hennings 2009 Sustainability evaluation of de-
centralized electricity genera-
tion 
Evaluation of decentralised 
power generation based on 
sustainability criteria 
Scenario analysis 
with expert choice & 
value tree analysis 
Kowalski, Stagl, 
Madlener & Omann 
2009 Sustainable energy futures Development of multi-criteria 
assessment with scenario 
analysis for democracies 
Participatory multi-
criteria analysis with 
scenario analysis 
Matteson 2014 Methods for multi-criteria sus-
tainability and reliability as-
sessments of power systems 
Development of method for 
normalisation and ranking of 
criteria and indicators 
Dynamic multi-
criteria optimisation 
framework 
Maxim 2014 Sustainability assessment of 
electricity generation technol-
ogies using weighted MCDA 
Ranking of power generation 
technologies based on sus-
tainability criteria 
Multi-criteria analy-
sis with interviews 
with academics 
Onat & Bayar 2010 The sustainability indicators of 
power production systems 
Evaluation of power genera-
tion technologies against 
predefined indicators 
Multi-criteria as-
sessment 
Ribeiro, Ferreira & 
Araújo 
2013 Evaluating future scenarios for 
the power generation sector 
using a MCDA tool 
Evaluation of different power 
generation scenarios 
Multi-criteria deci-
sion analysis with 
an expert panel 
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Roth et al. 2009 Sustainability of electricity 
supply technology portfolio 
Development of an approach 
to evaluate electricity supply 
options 
Multi-criteria deci-
sion analysis with a 
survey 
Rovere, Borghetti 
Soares, Basto 
Oliveira & Lauria 
2010 Sustainable expansion of elec-
tricity sector 
Development of method to 
analyse expansion of elec-
tricity generation 
Multi-criteria as-
sessment 
Santoyo-Caste-
lazo & Azapagic 
2014 Sustainability assessment of 
energy systems 
Development of decision-
support framework for power 
systems 
Multi-criteria and 
scenario analysis 
with case study 
Schenler, Hirsch-
berg, Burgherr, 
Makowski & Granat 
2009 NEEDS: New Energy External-
ities Developments for Sus-
tainability 
Evaluation of electricity gen-
eration technologies 
Multi-criteria analy-
sis with stakeholder 
consultation 
Sharma & Bala-
chandra 
2015 Benchmarking sustainability of 
Indian electricity systems: An 
indicator approach 
Development of an indicator-
based hierarchical multi-
dimensional framework 
Application of indi-
cator framework 
with a case study 
Stamford & Azapagic  
 
Azapagic et al. 
2011 
 
2011 
Sustainability indicators for the 
assessment of nuclear power 
(paper and SPRIng report) 
Evaluation of sustainability of 
nuclear power based on de-
cision-support framework 
Life cycle assess-
ment and scenario 
analysis 
Table 1: Overview of current scientific proposals 
 (Own elaboration) 
 
Owing to the vast number of available policy steering instruments, sustainability reports 
and standards, I shall only consider a few examples of practical contributions. For poli-
cy makers and administrations, I shall focus on one country which has put substantial 
effort into meeting the requirements of Agenda 21 and has implemented international 
recommendations. Since I used Switzerland in section 2.5 as an exemplary case, I 
shall do the same in this section as well for the sake of comparability. As for civil socie-
ty actors, I shall consider a few contributions of international associations that have ex-
erted a strong influence on the debate on sustainability requirements for electricity sys-
tems. To create a holistic picture on how scientific proposals are disseminated to other 
actors, I shall also consider contributions of market actors. Here, however, I shall only 
focus on the operators of electric power infrastructure that require political permission 
to operate power plants and grids. Again, for the sake of comparability I shall select 
sustainability reports from Swiss power suppliers to review the way in which some of 
their sustainability reports relate to scientific contributions and sustainability require-
ments in policies. 
 
Table 2 provides an overview of the practical contributions under review based on the 
same structure as provided for Table 1: 
 
Authors Year Title Aim and scope Methodology 
Axpo 2015 Nachhaltigkeitsbericht 
2013/2014 
Presentation of how Axpo 
assumes its responsibility on 
SD 
Multi-criteria 
analysis 
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BKW 2015 Nachhaltigkeitsbericht 2014 Presentation of efforts to re-
duce environmental impacts. 
Multi-criteria 
analysis 
ewz 2015 Geschäfts- und Nachhal-
tigkeitsbericht 2014 
Presentation of efforts to at-
tain SD. 
Multi-criteria 
analysis 
Federal Council of 
Switzerland 
2012 Sustainable Development 
Strategy 2012-2015 
Adoption of sustainability re-
quirements in national legis-
lation 
Policies 
Federal Statistical 
Office Switzerland 
2006 Switzerland’s ecological foot-
print - A contribution to the 
sustainability debate 
Validation of existing sus-
tainability indicators for the 
ecological dimension 
Life cycle as-
sessment 
infras 2010 Stromeffizienz und erneu-
erbare Energien 
Comparison of the technical 
and economic impacts of 
electricity scenarios 
Scenario analysis 
with expert inter-
views 
International Atomic 
Energy Agency 
2001 Indicators for sustainable en-
ergy development 
Proposal for energy indica-
tors to be used by govern-
ment institutions 
Multi-criteria 
analysis 
International Ener-
gy Agency 
2014 Energy efficiency indicators: 
Essentials for policy making 
Support for policy makers in 
defining energy efficiency in-
dicators and policy strategies 
Multi-criteria 
analysis 
iwb 2015 Geschäfts- und Nachhal-
tigkeitsbericht 2014 
Presentation how iwb meets 
social and ecological expec-
tations 
Multi-criteria 
analysis 
Swiss Federal De-
partment of Home 
Affairs 
2013 MONET Nachhaltige Entwick-
lung messen. 
Monitoring of SD in Switzer-
land 
Multi-criteria 
analysis and con-
ceptual deduction 
from principles 
Swiss Federal Of-
fice of Energy 
2001 Nachhaltigkeit: Kriterien und 
Indikatoren für den Energiebe-
reich 
Definition of indicators for 
energy sectors 
Multi-criteria 
analysis 
World Health Or-
ganisation 
2012 Health indicators of sustaina-
ble energy 
Proposal for health indicators 
for the energy sector 
Multi-criteria 
analysis 
Table 2: Overview of current practical contributions 
 (Own elaboration) 
 
The entire research sample consists of 20 scientific proposals and 12 practical applica-
tions and serves the purpose of creating a holistic picture of the current state of the art 
regarding sustainability assessments of electric power systems. I shall proceed by 
providing a short summary of the key aspects of each scientific proposal. 
 
4.3 Presentation of scientific proposals 
In this section, I shall briefly present the key contents of the scientific proposals for sus-
tainability assessments of the research sample. This overview will later serve as a 
starting point to explore to what extent the existing literature covers the structural fea-
tures of sustainability assessments as elaborated in section 3.3: 
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i) Afgan, Carvalho and Hovanov (2000) wrote one of the first contributions on 
sustainability indicators for energy systems. The authors deduce a set of cri-
teria and indicators based on an interpretation of the Brundtland Report and 
group them into four categories: resource, environment, society and econ-
omy. The system scope considers energy production and consumption. The 
assessment is carried out for four electric power generation technologies 
and three consumer groups, while formulas are used to rank criteria (Afgan, 
Carvalho & Hovanov 2000). 
 
ii) Dombi, Kuti and Balogh (2014) propose a multi-criteria assessment with 
choice experiment surveys to identify the most favourable renewable energy 
technology. They argue that all technologies lead to some form of environ-
mental degradation, so choice experiments are required to prioritise indica-
tors. The authors define seven sustainability attributes for which a set of 
choices is provided. Empirical data for 17 technologies is then mapped to 
the attributes. Based on their analysis, the authors conclude that solar con-
centrated power, hydroelectricity and geothermal power are the most sus-
tainable power generation technologies (Dombi, Kuti & Balogh 2014). 
 
iii) Evans, Strezov and Evans (2009) emphasise in their paper the relevance of 
conducting life cycle assessments across the entire life cycle. The authors 
then proceed by assessing renewable energy technologies according to in-
dicators. Data for indicators is obtained by consulting the literature, while 
each indicator is weighted equally for ranking. Their study concludes that 
wind power is preferable to other renewable energy technologies (Evans, 
Strezov & Evans 2009). 
 
iv) Gallego Carrera and Mack (2010) perceive the evaluation of SD to be his-
torically too driven by ecological aspects. They argue that until quite recent-
ly, social and economic factors have been underrepresented. Against this 
backdrop, the authors present a set of social indicators accounting for the 
challenges of long-term decision making. They select indicators based on 
the literature, while for measurement purposes they conduct expert inter-
views. The paper concludes that nuclear power is perceived as the least 
sustainable option, while solar electric power received the best evaluation 
(Gallego Carrera & Mack 2010). 
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v) Grunwald and Rösch (2011) present an integrative framework which is 
based on three overarching sustainability objectives. Based on these goals, 
normative principles and instrumental rules are formulated. This framework 
considers technology as a contribution to societal development. For each of 
the principles a set of indicators is defined. The results of the evaluation are 
compared with a reference system and indications are given as to whether a 
process can be expected to have a positive or negative impact (Grunwald & 
Rösch 2011). 
 
vi) Heinrich, Basson, Cohen, Howells and Perie (2007) propose a new ap-
proach to ranking power expansion alternatives based on multi-criteria deci-
sion analysis complemented with scenario analysis. Performance and confi-
dence criteria are used to determine a portfolio of preferred alternatives. 
The authors then simulate and evaluate 24 scenarios according to indica-
tors. Sensitivity diagrams are reviewed to assess the robustness of rank-
ings. The study concludes that decisions need to be made within a set of 
equally preferable alternatives (Heinrich, Basson, Cohen, Howells & Perie 
2007). 
 
vii) Hirschberg et al. (2005) conduct a holistic assessment on the costs and po-
tentials of new renewable energy technologies and nuclear power for Swit-
zerland as an input for the development of policy scenarios. The analysis 
focuses on technical, ecological and economic aspects of power generation 
technologies. They neither explore aspects of power distribution or con-
sumption, nor do they provide target values or general goals (Hirschberg et 
al. 2005). 
 
viii) Jeswani, Gujba and Azapagic (2011) conduct a life cycle assessment of a 
thermal power plant based on the co-firing of coal and biomass. The life cy-
cle assessment covers the entire life cycle from cradle to grave with the ex-
ception of aspects related to power grids. The authors define 13 scenarios 
and a set of indicators for evaluation. The results suggest that increased 
shares of biomass reduce the environmental impacts of the power plant, but 
also increase power generation costs (Jeswani, Gujba & Azapagic 2011). 
 
ix) Karger and Hennings (2009) run scenario analyses of the advantages and 
disadvantages of distributed power generation plants against the backdrop 
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of the increased deployment of domestic solar PV systems in Germany. 
First, actors are invited to create conceivable visions. These scenarios and 
a set of criteria, deduced through value-tree analysis, are then presented to 
experts who evaluate whether criteria are met by the scenarios based on an 
analytic hierarchy process. The analysis concludes that distributed power 
generation offers both benefits and risks, but the overall rating depends on 
what indicators are deemed of high importance (Karger & Hennings 2009). 
 
x) Kowalski, Stagl, Madlener and Omann (2009) apply a multi-criteria analysis 
approach with participatory scenario analysis. Authors define more than a 
dozen criteria and five renewable energy scenarios for Austria. They also 
develop a model with forecasting-type scenarios based on an exploratory 
stage with stakeholder engagement. Stakeholders then weigh criteria to 
rank scenarios. The authors conclude that multi-criteria analysis can serve 
as a starting point for decision making in political arenas (Kowalski, Stagl, 
Madlener & Omann 2009). 
 
xi) Matteson (2014) perceives deficiencies in current sustainability assess-
ments relying on multi-criteria decision analysis in terms of ranking power 
generation technologies. The author proposes a new method that combines 
experience curves, technology progress models, life cycle assessments and 
thermodynamics within a dynamic multi-criteria optimisation framework. He 
selects indicators on economic, technical, environmental and social perfor-
mance and calculates best and worst values based on current data of exist-
ing electric power systems (Matteson 2014). 
 
xii) Maxim (2014) contributes an assessment and ranking of power generation 
technologies based on a set of indicators. The author draws on methods 
from the realm of life cycle assessments to derive values for each indicator. 
Multi-criteria decision analysis is then applied to support decision making 
based on expert interviews. This contribution recommends the implementa-
tion of large hydroelectric power plants and stresses the importance of bas-
ing policies on empirical evaluations (Maxim 2014). 
 
xiii) Onat and Bayar (2010) propose the selection of indicators based on the 
principles of accessibility, availability and acceptability. Indicators are 
grouped under perceptual, political, legal and economic factors. Power gen-
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eration technologies are assessed against the set of indicators and then 
weighted. According to their results, wind and nuclear power are considered 
most sustainable. However, when also considering long-term developments, 
their work recommends solar PV as the preferred technology (Onat & Bayar 
2010). 
 
xiv) Ribeiro, Ferreira and Araújo (2013) stress in their study the benefits of multi-
criteria analysis to evaluate power generation technologies holistically. Fur-
thermore, the authors emphasise the importance of personal judgement in 
this process and propose a new multi-criteria assessment tool including 
scenarios. They draw on an expert panel to evaluate impacts and weigh cri-
teria. Respondents are most favourably disposed to coal-based power gen-
eration and renewable scenarios (Ribeiro, Ferreira & Araújo 2013). 
 
xv) Roth et al. (2009) evaluate sustainable electricity supply options for a state-
owned power supplier against the backdrop of expiring electricity import 
treaties and aging nuclear power plants in Switzerland. They apply a multi-
criteria decision analysis approach based on current data and projections 
for technologies up to 2030. For their evaluation, the authors consider eco-
nomic, environmental and health-related criteria. Their approach foresees a 
manual weighting of indicators. The applied preference profiles end up rec-
ommending hydroelectric and geothermal power (Roth et al. 2009). 
 
xvi) Rovere, Borghetti Soares, Basto Oliveira and Lauria (2010) propose a multi-
criteria assessment with scenario analysis to evaluate electricity generation 
technologies. The authors apply criteria and indicators from the technologi-
cal, social, environmental and economic dimensions to expansion alterna-
tives. According to this approach, electricity generation based on sugar 
cane yields the most favourable results due to the high number of local jobs 
created and the relatively low greenhouse gas emissions (Rovere, Borghetti 
Soares, Basto Oliveira & Lauria 2010). 
 
xvii) Santoyo-Castelazo and Azapagic (2014) propose a new decision support 
framework comprising scenario analysis, life cycle assessment and costing, 
social sustainability assessments and multi-criteria decision analysis. To 
identify the effect of weightings applied to criteria, sensitivity analyses are 
carried out. Specific results are obtained through a case study conducted in 
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Mexico. Upon simulation of eleven scenarios and under consideration of 17 
criteria, the current approach based on fossil fuels is perceived as unsus-
tainable due to the high costs and the environmental burden. The most fa-
vourable scenario relies on renewable energy technologies and nuclear 
power. The authors propose changes in policies to fulfil obligations relating 
to international treaties (Santoyo-Castelazo & Azapagic 2014). 
 
xviii) Schenler, Hirschberg, Burgherr, Makowski and Granat (2009) provide an 
energy technology roadmap with broader decision support beyond cost 
evaluation. The research team proposes an approach based on total cost 
calculations and multi-criteria decision analysis. They recommend criteria 
and indicators structured according to the three pillars approach for the val-
ue chain stages of extraction of energy carriers, power generation and dis-
tribution (Schenler, Hirschberg, Burgherr, Makowski & Granat 2009). 
 
xix) Sharma and Balachandra (2015) propose an indicator-based multi-
dimensional framework to promote a transition to a more sustainable elec-
tricity system against the backdrop of a rapidly growing economy in India. 
Their contribution constitutes a hierarchical framework with dimensions, 
themes, sub-themes, composite indicators and measurable indicators. In 
addition to the traditional sustainability dimensions of society, economy and 
the environment, the authors consider a fourth institutional dimension. They 
apply upper and lower thresholds based on existing system data for evalua-
tion (Sharma & Balachandra 2015). 
 
xx) The United Kingdom Research Councils established the multidisciplinary 
SPRIng project on the sustainability assessment of nuclear power to pro-
duce a comprehensive sustainability analysis for the United Kingdom. This 
assessment encompasses all stages of value creation and contains a multi-
criteria analysis with technical, environmental, economic and social indica-
tors. Furthermore, it is complemented by long-term scenarios reaching as 
far as the year 2070. The authors conclude that according to stakeholder 
preferences, nuclear power is the worst option. They note that considering 
sustainability aspects is of high importance and preferences depend on val-
ues (Stamford & Azapagic 2011; Azapagic et al. 2011). 
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Based on these short summaries of each scientific contribution, I shall proceed by 
evaluating whether the basic features of sustainability assessments introduced in sec-
tion 3.3 are covered in the above scientific contributions. I shall provide the results in a 
table that is structured according to the following procedure: 
 
i) The first two columns on the left of the above-mentioned table contain the 
name of the author and the year in which the paper was published. 
 
ii) Columns three to eight provide information on whether the authors consider 
aspects of electric power systems related to the social, technical and envi-
ronmental dimensions. Since the scope of the system plays a crucial part in 
framing the data to be analysed for decision making, I shall not only consid-
er the previously mentioned three dimensions, but also break down the 
technical dimension further into the four stages of value creation which were 
elaborated in section 2.2. At this stage, however, I have no intention of as-
sessing the degree to which these system properties have been evaluated 
in detail. 
 
iii) Columns nine and ten indicate whether the scientific contributions entail cri-
teria or indicators. Like the analysis on system scope, this analysis is carried 
out without exploring detailed definitions. 
 
iv) I shall mark which proposals entail features of ex post or ex ante analyses in 
columns eleven and twelve. Once more, I only intend here to denote wheth-
er sustainability assessments apply such methodologies or not. However, 
for those cases where authors conduct some form of long-term scenario 
analysis without producing a set of possible future states of the system, I 
shall put a tick in brackets to indicate that requirements on ex ante analysis 
are partly met. 
 
v) I shall indicate whether authors elaborate what interpretation of SD they re-
fer to in the column labelled normative foundation. For those contributions 
where researchers attempt to relate sustainability assessments to defini-
tions of the Brundtland Report, I shall add a tick in brackets as the corre-
sponding requirements are at least partly met. 
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vi) I shall indicate which authors produce a set of rules used to break down the 
guiding principles of SD into more tangible targets. In those cases where 
authors relate their work to aspects pertaining to the operationalisation of 
the SD model, I shall place a tick in brackets. 
 
vii) I shall add a tick for those proposals that provide general goals for criteria or 
target values for indicators in the corresponding columns. In cases where 
authors mention that sustainability assessments are used as instruments for 
achieving policy goals, I shall put down a tick in brackets. 
 
Table 3 lists the scientific contributions of sustainability assessments for power sys-
tems reviewed in this section. It provides an overview of which basic features of sus-
tainability assessments, presented in section 3.3, are covered in the research sample. 
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Afgan, Carvalho & 
Hovanov 
2000    -   -   () - - - - 
Dombi, Kuti & Balogh 2014  -  - -   - - - - () - - 
Evans, Strezov & Evans 2009     -  -   - - - - - 
Gallego Carrera & Mack 2010  - - - - -    - () -  - 
Grunwald & Rösch 2011    - -     -   () - 
Heinrich, Basson, Co-
hen, Howells & Perie 
2007  -  - -  -   () - - - - 
Hirschberg et al. 2005  -  -   -  - () - () () - 
Jeswani, Gujba & Aza-
pagic 
2011    - -  -   () - - - - 
Karger & Hennings 2009     -     () - - - - 
Kowalski, Stagl, 
Madlener & Omann 
2009  -  - -   -  () - - - - 
Matteson 2014  -   -     () - - - - 
  
 
Framework for Sustainability Assessments - 87 - 
Maxim 2014  -  - -     - () -  - 
Onat & Bayar 2010 -   - -  -   - - - - - 
Ribeiro, Ferreira & 
Araújo 
2013  -  - -    - () - - - - 
Roth et al. 2009    - -     () - - - - 
Rovere, Borghetti Soa-
res, Basto Oliveira & 
Lauria 
2010    - -     () - - - - 
Santoyo-Castelazo & 
Azapagic 
2014     -   -  () - () - - 
Schenler, Hirsch-berg, 
Burgherr, Makowski & 
Granat 
2009    - -     - - - - - 
Sharma & Balachandra 2015b     -     - - - - () 
Stamford & Azapagic  
Azapagic et al. 
2011 
2011 
   - -     () - - - - 
Table 3: Analysis of scientific contributions 
 (Own elaboration) 
 
The analysis of the scientific research sample has created a homogenous picture. This 
suggests that the research sample sufficiently covers the breadth of the current scien-
tific contributions on sustainability assessments of electric power systems. 
 
However, the overview also shows that only criteria and indicators, and the system as-
pects of the social, technical and ecological dimensions of electric power systems, are 
consistently covered; just a few contributions venture into the realm of providing a so-
phisticated system model to produce potential scenarios for ex ante analysis. Further-
more, normative aspects related to the guiding principles of SD seem to be strongly 
underrepresented in general. Moreover, while all contributions covered the technical 
dimension of electricity systems, most papers under review seem to be somewhat bi-
ased towards power generation technologies. These results ask for a detailed analysis 
of the scientific research sample. 
 
4.4 Discussion of the scientific proposals 
The review of the research sample reveals that there is a significant gap between the 
basic features of current scientific proposals and the previously defined structural fea-
tures of sustainability assessments. Furthermore, there is also a remarkable variety of 
methodologies applied in the scientific research sample. These fundamental differ-
ences hint at more systemic issues or a lack of consensus on the key features that 
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constitute sustainability assessments. However, so as not to draw hasty conclusions, I 
shall proceed with discussing the most prominent disparities: 
 
i) System representation. According to the list of basic features, sustainabil-
ity assessments of electric power systems should consider the essential 
components of the system to reduce the risk of erroneous decision making 
resulting from the omission of relevant data. Regarding technical system 
components, this translates into the requirement to cover the four previously 
introduced stages of value creation. While the majority of sustainability as-
sessments under review consider most stages, some contributions share an 
exclusive focus on power generation technologies (Dombi, Kuti & Balogh 
2014; Heinrich, Basson, Cohen, Howells & Perie 2007; Hirschberg et al. 
2005; Kowalski, Stagl, Madlener & Omann 2009; Maxim 2014; Ribeiro, Fer-
reira & Araújo 2013). However, among the contributions reviewed, only one 
(Karger & Hennings 2009) explores the benefits and risks of distributed 
power generation. Furthermore, aspects of power grids are seldom consid-
ered (Evans, Strezov & Evans 2009; Karger & Hennings 2009; Matteson 
2014; Santoyo-Castelazo & Azapagic 2014; Sharma & Balachandra 2015). 
Moreover, only two studies consider elements of electricity consumption 
(Afgan, Carvalho & Hovanov 2000; Hirschberg et al. 2005). 
 
Based on this analysis, I take it that there are conflicting views on appropri-
ate system boundaries for sustainability assessments of electric power sys-
tems. For those contributions that explicitly focus on power generation tech-
nologies (Dombi, Kuti & Balogh 2014; Jeswani, Gujba & Azapagic 2011; 
Karger & Hennings 2009; Maxim 2014; Onat & Bayar 2010; Ribeiro, Fer-
reira & Araújo 2013), crucial parts of electric power systems are omitted by 
design. These contributions are likely to omit key information for decision 
makers, thus jeopardising evidence-based decision making. 
 
ii) Criteria and indicators. The review of scientific contributions confirms that 
today’s sustainability assessments often apply both criteria and indicators. 
However, in some cases only criteria (Dombi, Kuti & Balogh 2014; Karger & 
Hennings 2009; Kowalski, Stagl, Madlener & Omann 2009; Ribeiro, Ferreira 
& Araújo 2013; Santoyo-Castelazo & Azapagic 2014) or indicators (Afgan, 
Carvalho & Hovanov 2000; Evans, Strezov & Evans 2009; Heinrich, Bas-
son, Cohen, Howells & Perie 2007; Hirschberg et al. 2005; Jeswani, Gujba 
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& Azapagic 2011; Onat & Bayar 2010) are employed. While these differ-
ences may be partly explained by the different aims and scopes of research 
papers, there is exceptionally high variability in the criteria and indicators 
that are proposed. This hints at little agreement among authors on which cri-
teria or indicators provide relevant data for decision making. This is surpris-
ing, as all contributions are dedicated to the same system or specific parts 
thereof. Against this backdrop, one could expect strong similarities among 
proposed criteria and indicators. In contrast, the following list entails exem-
plary indicators that were only proposed once, which further demonstrates 
the disagreement among authors on the relevant aspects of the system: in-
vestment of capital (Afgan, Carvalho & Hovanov 2000), trust in risk man-
agement (Gallego Carrera & Mack 2010), preservation of biodiversity 
(Grunwald & Rösch 2011), technical efficiency factor (Hirschberg et al. 
2005), percentage of imported inputs (Rovere, Borghetti Soares, Basto 
Oliveira and Lauria 2010), ability to respond to demand (Maxim 2014), en-
ergy source availability (Onat & Bayar 2010), equity (Roth et al. 2009), pro-
liferation (Schenler, Hirschberg, Burgherr, Makowski & Granat 2009), entre-
preneurship (Sharma & Balachandra 2015) and indicators on technological 
lock-ins (Stamford & Azapagic 2011). This begs the question: Why did other 
authors not also suggest these indicators if all the authors developed criteria 
and indicators for the very same system? 
 
Based on this analysis, I conclude that today a high variability in the selec-
tion of criteria and indicators in sustainability assessments of electric power 
systems can be observed. As argued above, criteria and indicators play a 
key role in identifying areas of intervention. Omitting certain criteria or indi-
cators may mean that some issues remain unidentified. This further im-
pedes evidence-based decision making. 
 
iii) Ex post and ex ante analysis. The sample can be split into three types of 
scientific contribution: The first category encompasses proposals that refrain 
from providing any form of scenario assessment at all (Dombi, Kuti & 
Balogh 2014; Evans, Strezov & Evans 2009; Gallego Carrera & Mack 2010; 
Grunwald & Rösch 2011; Maxim 2014; Onat & Bayar 2010). The second 
group entails contributions that introduce scenarios to compare power gen-
eration technologies (Heinrich, Basson, Cohen, Howells & Perie 2007; 
Jeswani, Gujba & Azapagic 2011; Kowalski, Stagl, Madlener & Omann 
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2009; Ribeiro, Ferreira & Araújo 2013; Roth et al. 2009 and Rovere, Bor-
ghetti Soares, Basto Oliveira and Lauria 2010). The third category provides 
broader scenario analyses with prospective elements (Afgan, Carvalho & 
Hovanov 2000; Hirschberg et al. 2005; Karger & Hennings 2009; Santoyo-
Castelazo & Azapagic 2014; Stamford & Azapagic 2011; Azapagic et al. 
2011). Even contributions in the third category, however, only partly corre-
spond to the dedicated basic feature; the proposal of Hirschberg et al. 
(2005) for example, places the potentials of power generation technologies 
in relation to projected consumption. However, to simulate potential future 
states of the system, a sophisticated model of the system is required. Such 
a model not only lists the relevant system components, but also looks at the 
interdependencies among components. None of the proposals under review 
provide a system model that allows for an exploration of the way changes in 
frame conditions affect other components. 
 
At this point, I argue that the ex ante analyses provided only partly simulate 
parts of the system. This may not, however, be fully explained by the too 
narrow scope definition applied in many contributions. Rather, I argue that 
developing scenario assessments requires additional methodological contri-
butions related to system modelling and scenario formation. In the absence 
of such methodologies, authors may find it difficult to conduct ex ante analy-
sis in line with the structural components introduced in section 3.3. To com-
pensate for this shortcoming in existing sustainability assessments, authors 
would first have to develop a sophisticated system model encompassing the 
relevant system features and then produce possible scenarios. 
 
iv) Normative basis. Authors base their proposals on three different types of 
sources: Members of the first group base their contribution on a broader in-
troduction to sustainability challenges involving themes such as develop-
ment needs, resource scarcity and pollution (Evans, Strezov & Evans 2009; 
Heinrich, Basson, Cohen, Howells & Perie 2007; Karger & Hennings 2009; 
Rovere, Borghetti Soares, Basto Oliveira and Lauria 2010; Sharma & Bala-
chandra 2015). The second group of contributions relates their work specifi-
cally to enforced policies in Europe (Dombi, Kuti & Balogh 2014; Hirschberg 
et al. 2005; Jeswani, Gujba & Azapagic 2011; Kowalski, Stagl, Madlener & 
Omann 2009; Onat & Bayar 2010; Ribeiro, Ferreira & Araújo 2013; Roth et 
al. 2009; Santoyo-Castelazo & Azapagic 2014; Schenler, Hirschberg, 
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Burgherr, Makowski & Granat 2009; Stamford & Azapagic 2011) or newly in-
troduced environmental standards (Matteson 2014). A few proposals explic-
itly refer to SD or the Brundtland Report (Afgan, Carvalho & Hovanov 2000; 
Gallego Carrera & Mack 2010; Grunwald & Rösch 2011; Maxim 2014), 
while only Grunwald and Rösch (2011) fully base their work on the guiding 
principles of SD. 
 
Against this backdrop, I conclude that only the contribution of Grunwald and 
Rösch (2011) fully provides the aforementioned basic feature of the norma-
tive basis for sustainability assessments of electric power systems. They not 
only provide information on their interpretation of SD, but also refer to it 
when formulating rules (Grunwald & Rösch 2011). The absence of a norma-
tive basis in other contributions obstructs the process of deriving general 
goals, mirroring the requirements of SD, to criteria and introduces new chal-
lenges in weighting, prioritising or ranking criteria and indicators. However, 
without choosing an interpretation of SD, there is no normative basis for 
providing guidance on which objectives the system has to meet. The re-
search sample also shows that in the absence of such a basis, authors tend 
to rely on participation and thus leave key decisions to experts or the public. 
 
v) Steering and instrumental rules. Nineteen out of 20 scientific contribu-
tions provide proposals for sustainability assessments without producing a 
set of rules that seeks to translate the normative requirements of SD into 
more tangible targets as a basis for defining general goals later. The follow-
ing four contributions are notable exceptions as they specifically relate their 
results to aspects of the operationalisation of SD: Dombi, Kuti and Balogh 
(2014) stress that their framework can support energy policies in strategic 
planning and the development of policy steering instruments promoting the 
deployment of renewable energy technologies. They also propose to utilise 
their framework for monitoring and technology-specific forecasting purposes 
(Dombi, Kuti & Balogh 2014). In addition, Hirschberg et al. (2005) relate 
their analysis to policy goals. Santoyo-Castelazo and Azapagic (2014) pro-
vide a wide range of recommendations for changes in policy based on their 
sustainability assessment. This advice involves more stringent emission 
standards, a dedicated analysis of the potential of renewable energy tech-
nologies, the introduction of policies reducing electricity consumption and 
the deployment of financial incentives to promote low-carbon power genera-
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tion technologies (Santoyo-Castelazo & Azapagic 2014). Grunwald and 
Rösch (2011) provide a set of substantial and instrumental principles based 
on the guiding principles of SD. However, they refrain from providing de-
tailed reasoning on how they translate their interpretation of SD into more 
specific principles (Grunwald & Rösch 2011). 
 
Since almost all contributions refrained from drawing on steering or instru-
mental rules to systematically translate a normative basis into more specific 
goals, I conclude that there is a general lack of steering and instrumental 
rules used to determine targets. Accordingly, only the contribution of Grun-
wald and Rösch (2011) provides a set of rules that fully corresponds with 
the previously specified structural feature on rules for sustainability assess-
ments, as they explicitly provide a set of rules. 
 
vi) General goals and target values. Most scientific contributions seek to rec-
ommend generation technologies or development paths to be pursued. In 
order to derive such proposals, a wide range of methodologies is applied. 
One research study opts to weigh criteria and indicators equally (Evans, 
Strezov & Evans 2009), while another deems manual ranking to be a nec-
essary step in the process (Santoyo-Castelazo & Azapagic 2014). Some 
scholars revert to methods that contain formulas for weighting purposes 
(Afgan, Carvalho & Hovanov 2000; Matteson 2014; Rovere, Borghetti Soa-
res, Basto Oliveira and Lauria 2010). The most common approach, howev-
er, foresees drawing on experts and stakeholder panels or considering pre-
viously stated social preferences (Dombi, Kuti & Balogh 2014; Gallego Car-
rera & Mack 2010; Heinrich, Basson, Cohen, Howells & Perie 2007; Karger 
& Hennings 2009; Kowalski, Stagl, Madlener & Omann 2009; Maxim 2014; 
Ribeiro, Ferreira & Araújo 2013; Roth et al. 2009; Schenler, Hirschberg, 
Burgherr, Makowski & Granat 2009; Stamford & Azapagic 2011) to rank cri-
teria or indicators and thereby derive a single best solution. Hirschberg et al. 
(2005) relate the potential of power generation technologies to policy goals, 
while Sharma and Balachandra (2015) benchmark the Indian power system 
against other countries. Grunwald and Rösch (2011) evaluate their results 
against a reference scenario. 
 
To summarise, most scientific contributions are devoid of general goals. 
This is surprising, as sustainability assessments are designed to evaluate 
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system data against sustainability objectives by design. The contributions of 
Hirschberg et al. (2005), Sharma and Balachandra (2015) and Grunwald 
and Rösch (2011) partly cover the previously defined structural component. 
The omission of general goals renders sustainability assessments unable to 
provide a basis for goal-oriented decision making as extracted data cannot 
be evaluated against predefined sustainability goals. In the absence of gap 
analysis between system performance and sustainability objectives, policy 
makers will find it more difficult to develop effective policy steering instru-
ments to induce specific changes. 
 
The review of the scientific sample of sustainability assessments of power systems re-
veals a number of systemic shortcomings in the current contributions. Table 4 shows 
the domains and basic feature of sustainability assessments on the left-hand side, 
while the shortcomings in current sustainability assessments proposed by scientific re-
search groups identified in this section are listed on the right-hand side of the table. 
 
Domain Basic feature Shortcomings 
Functional System representation Conflicting views on appropriate system boundaries 
Functional Criteria and indicators High variability in the selection of criteria and indicators 
Functional Ex post and ex ante analysis Ex ante analyses only partly simulate parts of the system 
Normative Normative foundation Absence of a normative basis 
Normative Steering and instrumental rules Lack of steering and instrumental rules 
Normative General goals and target values Contributions are devoid of general goals 
Table 4: Shortcomings in scientific contributions 
 (Own elaboration) 
 
This prompts the question of whether the deficiencies prevalent in today’s scientific 
proposals are also present in the practical contributions of other actors. Accordingly, I 
shall proceed by briefly presenting and analysing contributions of non-scientific actors. 
 
4.5 Presentation and discussion of practical contributions 
While these practical contributions do not reflect sustainability assessments per se, 
they either strongly relate to them, such as strategies, or are applied variations for a 
part of the system thereof, like sustainability reports. Practical contributions are also 
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important, as they are required to achieve a system transition.14 I shall proceed by 
providing a short overview of each contribution: 
 
i) Axpo is a state-owned operator of power plants and electricity trader based 
in Switzerland. It delivers wholesaler electricity to other power suppliers. Its 
sustainability report contains strategic sustainability objectives together with 
goals and presents historic data. A list of indicators is provided and for some 
of these indicators quantitative data is provided, results are explained and 
trends are discussed (Axpo 2015). 
 
ii) BKW is another state-owned power supplier in Switzerland. In its annual 
sustainability report BKW presents selected indicators together with target 
values and measures are defined for reaching goals. The report contains a 
description of the life cycle of coal without quantitative data. For some of the 
indicators historic data with trends are provided (BKW 2015). 
 
iii) ewz is a power supplier owned by the city of Zurich that produces a com-
bined financial and sustainability report annually. The report stresses the 
importance of cradle-to-grave life cycle assessments and emphasises the 
need to direct business development according to policy objectives. Its re-
port provides indicators on health, safety and the environment (ewz 2015). 
 
iv) In 1997, the Swiss Federal Council approved the national strategy for SD in 
accordance with obligations resulting from the Earth Summit in 1992. This 
strategy is regularly updated and contains objectives on SD (FCS 2012). To 
operationalise the strategy, a workgroup provides a set of criteria with cor-
responding indicators and trend evaluations. Indicators are meant to meas-
ure system developments that contribute to evaluating the attainment of pol-
icy objectives. However, specific goals are not pursued (SFOE 2001). 
 
v) In a joint effort, in 2001 the International Atomic Energy Agency and Interna-
tional Energy Agency produced indicators for sustainable energy develop-
ment as a proposal for nations committed to monitoring developments relat-
                                               
14
 Power suppliers often publish sustainability reports that contain vital information on the 
economic and ecological performance of power infrastructure components, such as eco-
nomic returns or emissions of greenhouse gases (ewz 2015; iwb 2015). Only power sup-
pliers have access to this information, which is important to assess whether the overall 
system is on a sustainable pathway. 
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ed to the use, costs and effects of energy (IAEA 2001). The contribution 
consists of a set of indicators which was updated in 2005 to include criteria. 
Furthermore, the scope was expanded to the value creation stages of ener-
gy carrier extraction, power generation and distribution (IAEA 2005). 
 
vi) Against the backdrop of ever-growing energy consumption, the International 
Energy Agency developed a set of indicators for energy efficiency. The au-
thors assign indicators to categories and provide information on the purpose 
and relevance of each indicator. Historic data from selected countries is 
presented for benchmarking purposes. These indicators focus exclusively 
on the consumption stage of the value chain, but neglect social and envi-
ronmental aspects (IEA 2014). 
 
vii) The Swiss government mandated infras and Locher et al. to create a report 
on the ecological footprint in Switzerland. This approach compares existing 
consumption levels with planet Earth’s ability to produce resources and 
break down pollution. However, it ignores the current levels of well-being 
achieved by the countries under review. Accordingly, developing countries 
are outperforming industrialised countries in this report. The report con-
cludes that existing consumption patterns in Switzerland exceed the abilities 
of the environment and have to be altered to preserve the ecological capital 
of planet Earth (FSOS 2006). 
 
viii) The scenario analyses of the Swiss power system provided by infras evalu-
ate the economic potential of a green policy scenario against pursuing busi-
ness as usual. This report does not reflect traditional sustainability assess-
ment, lacking indicators and target values, but contains scenario-based ad-
vice for policy development rooted in a system model. The analysis con-
cludes that pursuing energy efficiency and new renewable technologies 
creates more local jobs than reinvesting in nuclear power (infras 2010). 
 
ix) iwb, a state-owned power supplier in Switzerland, also produces a com-
bined financial and sustainability report that provides information on corpo-
rate strategy, business performance and sustainability indicators. The sus-
tainability chapters share historic data on indicators measuring the impact of 
iwb’s business on health, human safety and the environment (iwb 2015). 
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x) To operationalise the sustainability strategy, the Swiss Federal Council im-
plemented the MONET approach. This has undergone several iterations of 
refinement and the current version consists of 45 principles with approxi-
mately 75 indicators across all sectors (SFDHA 2013). 
 
xi) In 2012, the World Health Organisation produced a shortlist of indicators for 
energy systems related to health. The WHO emphasises the importance of 
relating indicators to existing policies. It refrains, though, from providing tar-
get values for indicators or defining criteria (WHO 2012). 
 
This overview of practical applications provides evidence that the current shortcomings 
in scientific proposals are not only present in the practical contributions of other actors, 
but are even accentuated: Studies by government institutions analyse only parts of the 
electric power systems to present specific aspects (FSOS 2006; infras 2010) rather 
than conducting holistic assessments that consider relevant system components. Fur-
thermore, proposed standards for criteria and indicators for energy systems (IAEA 
2001; IEA 2014; WHO 2012) provide extensive lists of criteria and indicators to freely 
choose from, potentially resulting in the omission of key aspects of the system. Moreo-
ver, these lists are entirely devoid of sustainability goals and scenario assessments. 
Lastly, sustainability reports produced by market actors only partly relate to policy ob-
jectives and thereby impede monitoring efforts. Power suppliers freely choose those 
indicators which they see fit and provide historical data or information on goal accom-
plishment selectively (Axpo 2015; BWK 2015; ewz 2015; iwb 2015). 
 
The fact that shortcomings in scientific proposals transcend to the domain of practical 
applications further emphasises the importance of robust methodologies applied in sus-
tainability assessments. It seems obvious that my next step has to lie with identifying 
knowledge gaps based on the shortcomings identified in scientific proposals.  
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5 Knowledge gaps 
The review of existing literature revealed a number of specific shortcomings in the cur-
rent sustainability assessments of electric power systems. In this chapter, I shall ex-
plore the identified weaknesses from a methodological perspective in more detail and 
determine areas for scientific contributions from my side. I shall pursue this endeavour 
according to the previously defined structure for the basic features of sustainability as-
sessments. 
 
I see substantial gaps in at least five specific fields, namely (i) system representation, 
(ii) criteria and indicators, (iii) ex post and ex ante analysis, (iv) normative basis, and 
(v), steering and instrumental rules, general goals and target values. Whereas the first 
three relate to the subject domain, the last three provide information on the normative 
direction for sustainability assessments. My underlying assumption here is that if these 
shortcomings are remedied, sustainability assessments can provide a more compre-
hensive basis for evidence-based and goal-oriented decision making. I shall character-
ise the above gaps and specify my related contributions in individual sections. 
 
5.1 System representation 
The starting point of my endeavour on this subject is the claim that the variety of prem-
ises invested in assessments transcends the domain of well-known options for inter-
preting SD.15 At this point, I claim that the heterogeneity of criteria and indicators in as-
sessment schemes also results from different approaches to the very object of as-
sessment – the electric power system itself. Many scientific contributions reviewed in 
chapter 4 focus on specific technical components of electric power infrastructure, such 
as power generation technologies. Only a few assessment systems include other rele-
vant variables like power grids or electrical devices providing energy services. Fur-
thermore, existing assessments rarely touch on governance, which plays a pivotal role 
in operationalising sustainability requirements. 
 
Against this backdrop, I can accentuate the claim made before: I not only claim that we 
face different system representations, but also that in existing sustainability assess-
ments of electric power systems, the system itself is only partially represented. Such 
                                               
15
 These interpretations may involve, among others, the concept of weak or strong sustaina-
bility, interpretations favouring resilience or justice-based sustainability or the three pillars 
approach (Hartwick 1978; Holling 1973). 
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assessments are non-holistic in the sense of missing substantial elements. In my view, 
a too narrow system scope in sustainability assessments jeopardises decision making 
because potentially crucial data is not considered. The omission of key components of 
electric power systems may misinform decision makers, such as for example the selec-
tion of power generation technologies, and may have a significant impact on the design 
of power grids: Neglecting the resources required to build and operate power grids, for 
example, penalises distributed power generation. In this case, however, the overall 
system can be expected to require fewer metals. This case illustrates that the perfor-
mance of individual system components must be assessed as part of an overall system 
analysis. Assuming we can agree that the function of electric power systems lies with 
achieving human well-being and enabling the provision of goods and services, we 
should then also be able to agree that the core functionality of the system is borne by 
technical power infrastructure and electrical devices, including critical interdependen-
cies among social actors and the environment. Against this backdrop, I argue that sus-
tainability assessments of electricity systems should also be subject to system bounda-
ries encompassing societal and ecological capacities, as the latter frame the extent of 
the technical components. 
 
Consequently, with my thesis I strive to contribute, among other things, a more holistic 
system representation serving as a basis for sustainability assessments of electric 
power systems. I strive to provide a system scope that considers the relevant transfor-
mation stages of power infrastructure and electrical devices, including relevant ena-
bling and constraining factors of the environment and societal transformation process-
es. Moreover, I shall point towards interfaces with other key systems. In order for this 
system representation to adequately cover key components and interfaces, I shall draw 
on approaches that are able to analyse interdependencies and interactions between 
the social realm of actors and the ecological capacities of complex human-environment 
systems. Such an approach will have to exert a strong focus on decision making to 
govern these relationships. 
 
Today, such approaches are frequently applied to research related to biodiversity (Hill 
et al. 2015; Maxim, Spangenberg & O’Connor 2009), agriculture (Hun Lee, Kakinuma, 
Okuro & Iwasa 2015; Zhou, Mueller, Burkhard, Cao & Hou 2013) or aquatic ecosys-
tems (Langmead et al. 2009; Pinto et al. 2013; Roy, Martin, Irwin, Conroy & Culver 
2011) where the impacts of human development on the environment immediately be-
come apparent. The driver-pressure-state-impact-response (DPSIR) approach (Atkins, 
Burdon, Elliott & Gregory 2011; Omann, Stocker & Jäger 2009), which assesses exact-
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ly these relationships, variations thereof (Cooper 2013) and socio-ecological system 
analysis (cf. Altaweel 2008; De Aranzabal, Schmitz, Aguilera & Pineda 2008; Elsawah, 
Guillaume, Filatova, Rook & Jakeman 2015; Kelly et al. 2015; Purdue & Berger 2015), 
are examples of such approaches. However, so far only a few efforts have been made 
to systematically develop a holistic representation of electric power systems based on 
one of these methodologies. 
 
Accordingly, my contribution will consist of selecting and arguing for an appropriate ap-
proach and applying it to power systems. The deliverable of this contribution consists of 
a holistic system representation of electricity systems encompassing the relevant sys-
tem components. Accordingly, it may also serve as a basis for a contribution related to 
the systematic deduction of criteria or scenario assessments at a later stage. 
 
5.2 Criteria and indicators 
The second significant shortcoming in existing sustainability assessments of electric 
power systems relates to the high variability of criteria and indicators prevalent in the 
scientific contributions reviewed in chapter 4. The seemingly erratic selection of criteria 
and indicators may be partly explained by different definitions of system boundaries: 
Excluding a part of the system from the assessment automatically renders the criteria 
and indicators associated with related components obsolete. While the argument relat-
ed to the insufficient assessment scope certainly holds true for the breadth of criteria 
and indicators applied, it does not yet explain why some sustainability assessments 
dedicated to specific system components, such as power generation technologies, ap-
ply some indicators, such as nuclear waste or fatalities, while others focussing on the 
same type of system component refrain from doing so. This situation unnecessarily ex-
poses these sustainability assessments to criticism of arbitrary selection of indicators. 
 
At this point, I claim that the high variability of the chosen indicators can also be ex-
plained by methodological shortcomings; namely, a lack of systematic deduction of cri-
teria and indicators from a sufficiently comprehensive system definition. Many authors 
of the sustainability assessments reviewed in chapter 4 opted to either consult existing 
literature to select indicators or relied on participatory processes. While both proce-
dures may at first glance add to the credibility of the set of indicators, such approaches 
do not ensure that the relevant system properties are considered. Against this back-
drop, I argue that the risk of neglecting vital aspects of the system under evaluation can 
be mitigated on the one hand by referring to a holistic system representation that en-
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compasses the relevant system features; if a depiction of electric power systems con-
siders the essential system properties, then this system representation is likely to also 
encompass the relevant energy, matter and information flows. If this argument proves 
to be true, then a set of criteria and indicators can be deduced from such a holistic sys-
tem representation that covers the relevant system flows including societal steering 
processes. On the other hand, the above-mentioned risk can be mitigated by conduct-
ing systematic deductions of criteria based on energy and material flow analysis as well 
as socio-ecological governance. A set of criteria that is systematically deduced based 
on the relevant stages of system flows and societal steering processes can be ex-
pected to further reduce the risk of missing vital aspects of the system. 
 
While energy and matter flow analyses are frequently carried out for the analysis of 
specific technical components of electric power systems (Garcia, Marques & Freire 
2014; Stamford & Azapagic 2014) or individual parts thereof (Asdrubali, Baldinelli, 
D’Alessandro & Scrucca 2015; Lopes Silva, Delai, Delgado Montes & Ometto 2014; 
Oliveira et al. 2015; Restrepo, Bazzo & Miyake 2015; Santoyo-Castelazo, Gujba & 
Azapagic 2011; Sherwani, Usmani & Varun 2010; Turconi, Boldrin & Astrup 2013), 
such an endeavour has not yet been carried out across all stages of value creation. 
Some scholars point out that such approaches also bear risks if they are solely applied 
on downstream processes, ignoring upstream productivity (Bidstrup 2015). Further-
more, approaches and methods analysing energy and matter flows often do not con-
sider interactions within the social realm of actors. Accordingly, I am looking for a com-
plementary theoretical element that is able to conceptualise interactions among actors. 
Hence, I shall additionally draw on approaches related to environmental governance 
(Cent, Grodzińska-Jurczak & Pietrzyk-Kaszyńska 2014; Hackett 2015; Mattor et al. 
2014; Taylor & De Loë 2012), which so far have been rarely applied in the context of 
holistic analyses of electric power systems. 
 
The proposed methodologies to fill the knowledge gaps on system representation, as 
well as criteria and indicators, are strongly interlinked. Accordingly, I shall first draw on 
the holistic system representation discussed in section 5.1 and then contribute a sys-
tematic analysis of energy, matter and information flows of electricity systems. This 
analysis will serve as a comprehensive basis for deducing a set of exemplary criteria 
which cover the essential aspects of electric power systems. Producing a list of exem-
plary indicators, however, lies beyond the scope of my contribution. There is good rea-
son to believe that indicators depend, among other things, on regional specifics or val-
ues.  
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5.3 Ex post and ex ante analysis 
Some of the sustainability assessments of electricity systems reviewed in chapter 4 
exhibit another shortcoming related to the time horizon applied: They are devoid of the 
features of ex ante analysis. While some contributions entail some form of comparative 
technology assessment or normative scenario analysis, these variants of ex ante anal-
ysis cannot fully serve my intended purpose; that is, to produce possible future states 
of the system under review. Such scenarios assessments are, however, of value to pol-
icy makers as they hint at potential future problems. Moreover, they may serve as a 
basis for designing and deploying policy steering instruments in the early stages of de-
velopments to prevent major issues from affecting critical tipping points. 
 
Accordingly, scenario assessments may shed light on potential development paths for 
long-term decision making: ex ante analysis may give insights on how systems could 
potentially unfold if specific trends prevail and thus serve as an early warning system. 
At this point, I claim that the absence of scenario assessments may potentially be 
traced back, on the one hand, to the fact that the sustainability assessments under re-
view fail to address critical parts of power systems or focus exclusively on one system 
component, such as power generation technologies. On the other hand, the review of 
scientific proposals also revealed that virtually none of the authors opted to develop a 
sophisticated system model with quantified correlations among system components, 
even though such a model is a necessary prerequisite for computing possible scenari-
os. Against this backdrop, I argue that the absence of system models or scenario as-
sessments can, among other things, also at least be partially explained by a lack of 
considering the key interdependencies among system components. 
 
A holistic representation of electric power systems could not only serve as a robust ba-
sis for appropriately framing the scope or systematically deducing criteria, as argued in 
sections 5.1 and 5.2, but may also serve as an ideal basis for a system model; a sys-
tem representation strives to capture the relevant system properties. Accordingly, one 
can meet the first prerequisite by drawing on the system representation. In order to de-
velop a system model, interdependencies among relevant system components have to 
be further defined. Moreover, since some of the relevant steps in deducing criteria sys-
tematically, namely, to determine relevant stages of energy and matter flows as well as 
societal steering processes, are also necessary preconditions for developing a system 
model; the deliverables of the aforementioned two contributions can be expected to al-
so be of use when developing a system model. Once correlations have been defined 
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and, thus, the system model is developed, potential scenarios can be simulated and 
described. 
 
System modelling and scenario assessments are today common practice for energy 
systems to gain insights for policy development. Accordingly, it is safe to say that such 
an endeavour has become a standard routine in a number of industrialised countries 
and emerging economies. Energy scenarios are frequently developed to assess poten-
tial development paths (Komiyama & Fujii 2015; Luukkanen et al. 2015; Pregger, 
Nitsch & Naegler 2013; Roinioti, Koroneos & Wangensteen 2012; Spataru, Drummond, 
Zafeiratou & Barrett 2015; Zhu, Li, Huang, Fan & Nie 2015). My contribution therefore 
does not lie primarily with defining an exemplary robust system model or developing 
exemplary scenarios, but rather with proposing to use the same system depiction and 
analysis used to deduce criteria as a basis for the system model and scenario assess-
ments. One can expect increased consistency among the deliverables which may cre-
ate benefits for monitoring processes: if the same representation and analysis of the 
system are used to determine criteria for sustainability assessments and to produce 
possible scenarios of ex ante analysis, then results can be more easily brought togeth-
er as they draw on the same functional basis. This seems obvious here, as in this par-
ticular case the process of monitoring system developments through sustainability cri-
teria and the process of deriving potential future states of the system are rooted in the 
same system model. 
 
However, since scenario analyses for electricity systems are today frequently provided, 
my contribution will focus on this shortcoming to elaborate suitable methodological fea-
tures to produce scenario assessments of a holistic system representation. According-
ly, the provision of an exemplary system model or exemplary scenarios for electricity 
systems that could be applied in sustainability assessment contexts offers no new sci-
entific insights and therefore lies beyond the scope of this thesis. 
 
5.4 Normative basis 
Most contributions of the scientific research sample of sustainability assessments of 
electric power systems contain a fourth methodological flaw: the vast majority of scien-
tific contributions are based on comparative analyses of technologies or participatory 
approaches rather than an evaluation of system data against predefined sustainability 
objectives. Accordingly, most authors refrain from formulating sustainability goals, while 
only a few contributions refer to policy objectives that may entail sustainability require-
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ments or the guiding principles of SD, with the exception of the contribution of Grun-
wald and Rösch (2011). 
 
At this point, I claim that this weakness may partly result from the approaches and 
methods applied: most contributions under review rely exclusively on methodologies 
related to the functional dimension of sustainability assessments, such as life cycle as-
sessments to quantify resource requirements or emissions of technical components. 
Since these instruments focus on the analysis of the system in question and are unfit to 
provide guidance on answering the question: What should be sustained?, I argue that 
in the absence of methodologies directed at the normative notions of SD, those authors 
may find it difficult to relate system data to long-term sustainability goals so long as 
they draw exclusively on methodologies related to analyses of energy and matter flows. 
Only the contribution of Grunwald and Rösch (2011) defines general sustainability ob-
jectives with reference to the guiding principles of SD. In their paper, Grunwald and 
Rösch (2011) apply an integrative framework for SD that considers normative notions 
of SD and allows for the formulation of substantial sustainability principles. Their ap-
proach essentially enables them to systematically enrich the ambiguous model into 
more tangible requirements (Kopfmüller et al. 2001). 
 
Against this backdrop, I argue that most authors of sustainability assessments under 
review may find it difficult to define sustainability requirements due to the absence of a 
normative foundation that may serve as a basis for systematically deriving more specif-
ic sustainability goals. However, such an interpretation of SD represents a necessary 
precondition for such an endeavour, which allows gaps on missing goals and targets to 
be consistently filled, as the contribution of Grunwald and Rösch (2011) so vividly 
demonstrates.16 However, as outlined in section 3.1 a wide range of proposals for in-
terpretations of SD exists today. A key challenge for the authors of sustainability as-
sessments therefore lies with choosing an interpretation of SD that mirrors the current 
state of the scientific discussion. 
 
Accordingly, my contribution on this topic will lie with selecting an interpretation of the 
conception of SD that reflects the current state of the scientific debate. However, as 
mentioned above, there are various proposals that may serve as a starting point. 
These may either be a theory of justice or, more likely, a scientific interpretation of SD. 
Without going into a detailed discussion at this point, I claim that the selection of the 
                                               
16
 The integrative framework for sustainable development has hitherto also been applied to 
research on sustainable land use and urban development (Kopfmüller 2006). 
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normative basis is likely to have a strong impact on the long-term goals to be met. 
However, by explicitly providing information on the chosen interpretation of SD, readers 
may better understand the underlying norms, principles and value schemes that en-
riched the interpretation. This will more easily facilitate a discussion on the appropri-
ateness of the chosen interpretation. Consequently, I shall explore different interpreta-
tions of SD that could serve as a basis for sustainability targets and shall argue for my 
selection. 
 
5.5 Steering and instrumental rules, general goals and target 
values 
The sustainability assessments under review in chapter 4 exhibit further methodologi-
cal shortcomings by refraining from providing any form of goals, linking sustainability 
objectives to criteria or indicators. This is surprising, as the relevance of goals in sus-
tainability assessments is unchallenged (Moldan, Janoušková & Hák 2012). Today, dif-
ferent approaches are applied to determine sustainability requirements in those rare 
scientific proposals where a form of goal orientation is provided: In some cases, goals 
are derived from policy objectives (Howard, Saba, Gerrard & Modi 2014; Velázguez 
Gomar 2014). Other authors respond to conflicting results in their multi-criteria as-
sessments by leaving the necessary interpretation of the results to policy makers or 
experts of the system in question or revert to interviews with selected stakeholders to 
determine priorities (Dombi, Kuti & Balogh 2014; Maxim 2014; Ribeiro, Ferreira & 
Araújo 2013). However, these authors run the risk that such participatory processes 
may ultimately result in the setting of goals that potentially oppose the normative cor-
nerstones of SD as it is by no means guaranteed that experts or representatives of the 
public relate their preferences to the guiding principles of SD. Furthermore, in the ab-
sence of unambiguous sustainability requirements, a core requirement of sustainability 
assessments is no longer met: to evaluate extracted field data against predefined sus-
tainability objectives and thereby provide a basis for drawing evidence-based and goal-
oriented conclusions on the long-term development of key systems. 
 
To set goals that mirror the normative requirements of SD, one has to revert to a nor-
mative basis as outlined in section 5.4. Current scientific interpretations of the SD 
model may ideally serve as a basis for systematically formulating more tangible sus-
tainability goals. In section 4.4, I argued that the approach applied in the scientific con-
tribution of Grunwald and Rösch (2011) was the only one to meet the previously de-
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fined basic feature on steering and instrumental rules of sustainability assessments. 
Their approach provides a clear structure for systematically producing goals based on 
a normative basis for sustainability assessments. This further emphasises what I have 
already touched on in section 5.4: If we strive for objectives that reflect the guiding 
principles of SD, then the selection of a normative basis is a necessary precondition. 
Against this backdrop, I argue that the lack of a normative basis in most of the scientific 
contributions under review is an insurmountable barrier to defining meaningful goals, 
which reflect the normative requirements of SD, as criteria for sustainability assess-
ments of electric power systems. 
 
However, in order to produce more tangible goals for sustainability assessments, both 
a normative basis and a holistic system representation are required. I have already 
committed to developing a holistic depiction of electricity systems and arguing for an 
up-to-date scientific interpretation of SD in sections 5.1 and 5.4. So these inputs should 
be readily available by the time I start looking into systematically producing exemplary 
goals for sustainability assessments of electricity systems. 
 
The current scientific debate on the conception of SD and SD governance also empha-
sised that goals are not only required for the biophysical part of the system, but also for 
governance aspects; as highlighted in section 3.1, the United Nations actively pro-
motes approaches that seek to establish the cornerstones of SD in national constitu-
tions (UNCED 1992). These sustainability principles often impose obligations on gov-
ernments to define sustainability objectives and monitor developments. Assuming that 
modern societies seek to establish instruments that provide a sound basis for evi-
dence-based and goal-oriented decision making on the long-term development of key 
systems, then sustainability assessments which evaluate criteria and indicators against 
predefined sustainability requirements are likely to take centre stage in this process 
(Holden 2013; Pires & Fidélis 2015). In such regimes, the analysis of rational data is 
used to inform decision making. Thus, the integration of indicator schemes, which ex-
tract system data, and policy processes, which draw conclusions for the deployment of 
policy steering instruments based on system data, become vitally important (Holman 
2009). The current debate on the involvement of sustainability assessments in govern-
ance revolves, among other things, around participatory approaches to trigger policy 
changes (Bell & Morse 2014). While some of the evaluated scientific contributions in-
corporate participatory approaches to derive or weigh criteria and indicators as already 
mentioned, few of them shed light on how these measurements drive policy change. 
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Against this backdrop, I argue that the instrumental aspects of power system sustaina-
bility assessments are underrepresented in the current scientific contributions. 
 
The discussion on the conception of SD and SD governance and could potentially open 
up entirely new research streams involving governance processes, policy instruments 
and institutions. Owing to the vast complexity of challenges associated with govern-
ance and SD, I shall focus the scope of this contribution on one essential aspect of 
governance: transformation governance, or governance of change, which is sought to 
drive system transitions. The latter is exactly the aspect of governance that SD often 
refers to. 
 
Similar to deriving goals related to the biophysical aspects of the system, a holistic sys-
tem representation it is likely to serve only as a starting point for an analysis of govern-
ance aspects: I expect that the system depiction will not be sufficiently worked out and 
shall therefore require a more detailed elaboration of reflexive transformation govern-
ance. Accordingly, I shall first have to specify reflexive governance, or features thereof, 
in more detail in relation to inducing system transitions. While an integration of sustain-
ability assessments in governance is a necessary precondition for meeting sustainabil-
ity objectives, it also requires distinctive contributions. I shall focus here on addressing 
the instrumental requirements that must be met in order to operationalise SD. 
 
This raises questions on what methodologies are best able to facilitate the formulation 
of more tangible goals for the functional and instrumental part in sustainability assess-
ments. Since developing such an approach is a vastly complex task on its own and 
Grunwald and Rösch (2011) demonstrated that robust methodologies already exist, I 
shall invest the existing literature and focus with my contribution on the formulation of 
exemplary general goals for criteria. Accordingly, I will draw on an existing framework 
for this endeavour. The resulting general goals will complement the previously derived 
set of criteria for the sustainability assessments of electric power systems. The process 
of producing general goals for criteria will also indirectly yield some form of prioritisation 
of criteria, as criteria irrelevant to the normative requirements of SD are likely to not re-
ceive any goals. 
 
To summarise, my exemplary contributions related to sustainability requirements for 
power systems in sustainability assessments will consist of a systematic formulation of 
general goals for criteria based on (i) a current interpretation of SD, (ii) a holistic repre-
sentation of electricity systems, and (iii) a reflexive governance of change.  
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5.6 Conclusions 
Exploring the previously identified knowledge gaps revealed that current scientific con-
tributions relating to sustainability assessments of power systems mostly apply meth-
odologies geared to a detailed analysis of energy and matter flows in specific systems 
components. However, to provide a more comprehensive basis for evidence-based de-
cision making, additional methodologies are required to encompass the relevant sys-
tem features, more systematically derive criteria and consider potential future system 
developments, thus reducing the risk of omitting key system aspects. Accordingly, I 
shall strive to contribute towards more holistic analyses of electricity systems. 
 
Furthermore, in order to answer questions on what long-term requirements electric 
power systems have to meet, the sample under review suggests reverting to participa-
tory approaches relating to policy objectives or drawing on comparative assessments. 
However, in order to provide a sound basis for goal-oriented decision making referring 
to the normative features of SD, I argue that approaches are required which allow sys-
tem data to be evaluated against sustainability objectives. This requires a systematic 
formulation of more tangible goals from the normative and instrumental notions of SD. 
Accordingly, I shall strive to contribute towards equipping sustainability assessments 
with goals that mirror the requirements of a current scientific interpretation of SD. 
 
To summarise, all my contributions together aim at providing a more holistic and trans-
parent approach to sustainability assessments in general. These individual scientific 
contributions are part of a holistic framework for sustainability assessments. This 
framework is based on the previously presented features of sustainability assessments, 
as elaborated in section 3.3, and seeks to integrate functional aspects of a system un-
der review with the normative and instrumental requirements of SD. The framework will 
be based on a set of distinctive theoretical elements and methodologies. In order to 
stimulate further scientific discussions on how sustainability assessments should be 
constructed in order to provide comprehensive bases for evidence-based and goal-
oriented decision making, I shall make a dedicated effort to present information and 
provide corresponding arguments in favour of my proposals. 
 
In order to demonstrate the strengths of the proposed framework and explore the limits, 
I shall produce a set of exemplary results based on electric power systems for those 
basic features that are today largely absent in sustainability assessments of electricity 
systems. Once more, I would like to emphasise that these exemplary deliverables pri-
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marily seek to promote further discussion on the operationalisation of sustainability as-
sessments and are far from being universally applicable. 
 
Based on the analysis of knowledge gaps in this chapter, I am now in a position to for-
mulate an appropriate research question for this thesis that will guide the delivery of my 
contributions as touched on in this chapter.  
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6 Research question 
This chapter is dedicated to formulating a research question based on the knowledge 
gaps identified in the previous chapter and in accordance with the basic features of 
sustainability assessments introduced in section 3.3. Furthermore, I shall presume to 
express expectations on how these contributions will contribute to a more comprehen-
sive basis for evidence-based and goal-oriented decision making support for the long-
term development of key systems. A short summary of the purpose of sustainability as-
sessments and the identified knowledge gaps in current sustainability assessments of 
electricity systems serves as a starting point for my task in this chapter. 
 
There is broad consensus among scholars and policy makers that if we are truly striv-
ing for SD, then we require active governance. Assuming that modern societies strive 
for the evidence-based and goal-oriented development of key infrastructure that meets 
the normative requirements of SD, there are good reasons to believe that the applica-
tion of steering instruments is part of such an endeavour. One task required consists of 
evaluating relevant data on key systems against predefined sustainability objectives. 
Sustainability assessments are designed to do exactly that. However, in order for sus-
tainability assessments to contribute their part, they have to be composed of a set of 
structural elements beyond EIA, as elaborated in section 3.3. 
 
The review of the research sample in chapter 4 has shown that the current scientific 
contributions on sustainability assessments of electricity systems are only partly com-
posed of these structural elements. Some vital components, such as holistic system 
depictions or normative and instrumental aspects of SD, are mostly absent. The ab-
sence of some of these features is expected to only partly enable sustainability as-
sessments to provide a sound basis for evidence-based and goal-oriented decision-
making support. 
 
With this thesis, I strive to provide a framework for sustainability assessments and the 
methodological contributions that have hitherto been absent in sustainability assess-
ments. The proposed framework will be based on building blocks formulated in section 
3.3 and seeks to provide a comprehensive basis that may inform decision making more 
transparently and holistically. Accordingly, the research question of my thesis seeks to 
address the general question of what basic features are required for sustainability as-
sessments to provide a sound basis for evidence-based and goal-oriented decision-
making support.  
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Ultimately, the identified shortcomings are expected to constrain the evidence-based 
and goal-oriented development of key systems in many ways: a too narrow scope defi-
nition and an arbitrary selection of indicators, for example, increase the risk of errone-
ous decision making owing to the omission of relevant data. A substitution of general 
goals through benchmarking, trend extrapolation, comparative analyses or participatory 
approaches is likely to jeopardise decision making, as reliable references reflecting 
normative sustainability requirements cannot be guaranteed. The sum of these short-
comings eventually results in reducing sustainability assessments to purely descriptive 
exercises and thereby renders their results only partially fit for societal steering purpos-
es. Accordingly, I shall dedicate my thesis to answering the following research ques-
tion, which aims to aggregate the identified individual issues into an overall question: 
 
How should sustainability assessments be designed methodologically to provide a ba-
sis for evidence-based and goal-oriented decision making on the long-term develop-
ment of key systems? 
 
To answer this research question, I shall provide the necessary contributions related to 
the structural elements of sustainability assessments described initially. Furthermore, I 
shall produce exemplary contributions for hitherto missing basic features in the sus-
tainability assessments of electric power systems. 
 
Since the missing methodological features can be separated into the two methodically 
distinct categories of (i) functional contributions related to the system in question, and 
(ii) normative and instrumental aspects referring to the principles of SD, I shall structure 
my contributions so as to fill the identified knowledge gaps in sustainability assess-
ments of power systems according to these two categories. 
 
Figure 9 provides an overview of the identified knowledge gaps and intended contribu-
tions. This diagram shows the structural components of sustainability assessments on 
the left-hand side. For this figure, however, I opted to split general goals and target val-
ues into two distinct structural elements. For methodological reasons, which I shall ex-
plain in chapter 7, I shall only pursue a contribution to producing a set of exemplary cri-
teria for sustainability assessments of power systems. The second column shows the 
aggregated results of the review of the current state conducted in chapter 4 on which 
components are frequently covered in the research sample. The third column provides 
a first preliminary assumption on how the knowledge gap can potentially be filled or 
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whether proven methodologies are already frequently applied. The fourth column then 
summarises the planned contributions of my thesis. 
 
 
Figure 9: Knowledge gaps and scientific contributions 
 (Own elaboration) 
 
The diagram shows that the basic feature of ex post analysis is sufficiently covered by 
the research sample and does not require further scientific contributions. Although 
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there is high variability in the indicators prevalent in sustainability assessments, as I 
have already pointed out, the indicators are likely to depend on the individual system 
subject to analysis: The natural occurrence of energy carriers or fluxes varies across 
regions, for example, or societies adopt different norms, principles and values. Since I 
strive to develop an aggregated framework, I shall not follow up on this basic feature of 
sustainability assessments. I shall also refrain from providing a contribution on ex ante 
analysis, albeit for a different reason: While sophisticated ex ante analysis is also un-
derrepresented in the research sample, solid contributions on scenario assessments 
and system models already exist. As such, it is more of a question of how to integrate 
them within sustainability assessments. Against this backdrop, I shall proceed with ex-
ploring the functional, normative and instrumental contributions of this thesis, some of 
which are examples provided for electric power systems. The proposed framework for 
sustainability assessments, which aims to provide a comprehensive basis for evidence-
based and goal-oriented decision making, will be presented in more detail in chapter 7. 
 
6.1 Functional contributions 
In order to answer the above research question, I shall provide distinct methodological 
contributions to fill the individual knowledge gaps related to the functional dimension of 
power systems: 
 
i) System representation. A holistic depiction of electric power systems is 
developed that encompasses all stages of value creation, including interde-
pendencies among ecological capacities and the social realm of actors. I 
shall briefly touch on interfaces to other key systems in modern societies. 
 
ii) Criteria. A systematic deduction of criteria for sustainability assessments is 
carried out based on the holistic system representation of electricity systems 
and an in-depth analysis of energy and matter flows, as well as societal 
steering processes. I shall, however, not deduce indicators since, as already 
mentioned above, they are likely to vary across regions and societies. 
 
iii) Ex ante analysis. I shall refrain from developing a system model with quan-
tified interdependencies among key system components to simulate poten-
tial scenarios, as this is frequently covered in research papers or political 
analyses. However, in chapter 7 I shall argue briefly for those methods that I 
deem effective.  
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To summarise, I shall contribute towards overcoming three of the identified functional 
shortcomings in the current sustainability assessment of power systems. These contri-
butions aim to promote a more comprehensive basis for evidence-based decision-
making support; the provision of a holistic system representation and the systematic 
deduction of criteria are expected to serve as a sound basis for sustainability assess-
ments of electricity systems so as to extract and present essential system data. 
 
Applying a more systematic procedure is expected to reduce the risks of misinforming 
decision makers through the omission of essential system properties. Furthermore, 
should the same depiction of electricity systems, encompassing the relevant functional 
system components, be applied by other authors of sustainability assessments, then 
this would lead to the increased comparability of results resulting from an identical ba-
sis for system data. Moreover, relying on the same system representation for ex ante 
and ex post analysis is likely to increase the consistency of the results of monitoring the 
processes on system developments and scenario assessments. Therefore, there is 
good reason to believe that the functional contributions may increase the reliability and 
trustworthiness of extracted system data and thereby provide a more comprehensive 
basis for evidence-based decision-making support for the long-term development of 
power systems. 
 
6.2 Normative and instrumental contributions 
In addition, I shall also provide scientific contributions related to knowledge gaps on the 
normative and instrumental features of the guiding principles of SD: 
 
iv) Normative foundation. I shall first select a current interpretation of SD and 
argue why I chose this specific normative basis. 
 
v) Reflexive transformation governance. According to latest research on SD 
and SD governance, reflexive transformation governance is a necessary 
precondition for conducting system transitions and meeting sustainability 
requirements. Accordingly, I shall specify a reflexive governance of change 
that will later serve as a basis for determining criteria and general goals. 
 
vi) Steering rules and instrumental rules. The chosen interpretation will 
serve as a basis for developing enriched conditions of the interpretation of 
SD. This set of steering and instrumental rules will address the specifics of 
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power systems and reflexive transformation governance to tie in with the ho-
listic system representation and requirements of SD. In order to translate 
the SD model into a set of rules, I shall draw on a multi-step procedure, 
which, obviously, is subject to personal interpretation and cannot be univer-
sally applicable. Rather, it produces exemplary sets of steering and instru-
mental rules that will later facilitate a further translation of sustainability ob-
jectives into general goals. 
 
vii) General goals. Based on the previously formulated steering and instrumen-
tal rules, I shall further enrich the set rules into general goals for criteria. 
This will allow decision makers to evaluate system data against predefined 
sustainability requirements. 
 
The above-mentioned contributions will be made in order to fill the normative and in-
strumental knowledge gaps. I expect these contributions to empower sustainability as-
sessments of electric power systems to provide a more comprehensive basis for goal-
oriented decision making: that is, providing a current scientific interpretation of SD will 
lay the groundwork for a consideration of normative sustainability principles in sustain-
ability assessments and enable the definition of general goals for criteria. Furthermore, 
the definition of goals that reflect sustainability requirements allows for an evaluation of 
the system performance against sustainability goals. Such an evaluation will make it 
easier for conclusions to be drawn on whether a system is on a sustainable pathway as 
opposed to other approaches related to benchmarking, participation, trend or compara-
tive technology analysis. 
 
Now that I have framed the tasks of my thesis, I shall proceed with a review and dis-
cussion of the strengths and limits of the current approaches and methods applied in 
sustainability assessments of electric power systems. Based on such a discussion, I 
shall then present and argue for those methodologies that I expect to be effective in fill-
ing the identified knowledge gaps.  
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7 Theoretical background 
In order to answer the research question presented in chapter 6, I shall provide two dis-
tinct types of scientific contributions. On the one hand, I shall develop a framework for 
sustainability assessments consisting of theoretical elements and the structural fea-
tures presented in section 3.3; on the other hand, I shall develop contributions for elec-
tric power systems. In order to provide these deliverables, I shall first explore and re-
flect on appropriate methodologies. Hence, this chapter serves two purposes:  
 
i) Framework for sustainability assessments. In the first section, I shall set 
out the cornerstones of the proposed framework for sustainability assess-
ments. This framework will be applicable to different types of complex cou-
pled human-environment systems and I shall argue for theoretical elements 
that can be expected to enable the provision of new scientific contributions. 
 
ii) Approaches and methods for sustainability assessments of electricity 
systems. In subsequent sections, I shall discuss in more detail a selection 
of methodologies specifically geared to electric power systems and argue 
for those approaches or methods that I deem fit to respond to the identified 
shortcomings in today’s sustainability assessments of electricity systems. 
My goal here lies in highlighting effective methodologies for those basic fea-
tures of sustainability assessments that were not fully covered by the contri-
butions under review in chapter 4. Since the knowledge gaps cover a wide 
range of research subjects, spanning from the analysis of energy and mate-
rial flows including societal steering processes to formulation of normative 
and instrumental rules based on a scientific interpretation of SD, I shall dis-
cuss distinct methodologies for each theme. 
 
Accordingly, I shall proceed with presenting the cornerstones of the proposed frame-
work for sustainability assessments, which is intended for the analysis of complex cou-
pled human-environment systems. 
 
7.1 Cornerstones of the proposed framework 
A summary of the purpose and structure of the proposed framework will serve as my 
starting point for this endeavour. Sustainability assessments are conducted on complex 
socio-ecological systems and are designed to provide a basis for evidence-based and 
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goal-oriented decision making for the long-term development of key systems. In order 
to serve that purpose, I argued in section 3.3 that sustainability assessments have to 
encompass the essential features of the system under review. This part is often re-
ferred to as the functional dimension of a sustainability assessment, where relevant 
stages of biophysical flows, as well as societal steering processes, are evaluated. Fur-
thermore, I also argued that this functional dimension has to be complemented with a 
normative dimension that refers to the objectives of SD. Based on an analysis of the 
system performance against sustainability requirements, decision makers can be ex-
pected to be better able to safeguard opportunity spaces for future generations when 
deciding on development options, as opposed to drawing on evaluation schemes that 
are devoid of sustainability goals. Based on this two-dimensional structure, I shall first 
revisit the structural components of sustainability assessments introduced previously to 
provide an overview of the proposed framework: 
 
i) System representation. In order to identify relevant system components, I 
propose to apply approaches related to coupled human-nature system anal-
ysis to identify the functional constitutive elements of the system in question, 
including enabling and constraining factors. This analysis not only has to 
encompass technical aspects of the system, but also has to consider the ac-
tors’ social realm, where the goals of the system, and thus also the technical 
design, are determined. 
 
ii) Criteria. Based on such a holistic system representation, I propose to revert 
to methods taken from the realm of system flow analysis to determine those 
biophysical flows that are particularly relevant to secure the intended output 
of the system. At the same time, an analysis based on socio-ecological re-
gimes or environmental governance can be expected to support the process 
of identifying relevant societal actors and their steering processes. These 
analyses are expected to provide a sufficient basis for systematically deduc-
ing criteria for the relevant stages of energy and material flows, including 
societal steering processes. 
 
iii) Indicators. While potential indicators could in theory also be systematically 
deduced from above-mentioned analyses, it remains contested whether 
such a procedure would be appropriate. Some indicators might only be 
identified if the system were home to specific system components; for ex-
ample, in a region deprived of fossil fuels, a stringent analysis would obvi-
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ously miss the identification of such energy carriers and is likely not to pro-
duce a corresponding indicator. Since I intend to provide a framework appli-
cable to complex human-environment systems in general, I argue that the 
analysis of indicators lies outside the scope of my endeavour here. Accord-
ingly, an analysis of appropriate methodologies to determine indicators has 
to be postponed to further research. 
 
iv) Ex post analysis. Assuming that we are striving for a comprehensive basis 
for evidence-based decision support and that the analysis of historical sys-
tem data can also contribute to decision making for the development of key 
systems, especially to pin down areas of immediate concern, then method-
ologies are required that will extract and analyse system data for each crite-
rion. Life cycle assessments have proven to be adequate methods for en-
deavours directed at the analysis of biophysical flows to locate sources of 
unsatisfactory developments. Moreover, an analysis of societal steering 
processes through approaches related to socio-ecological regimes or envi-
ronmental governance is expected to allow data related to societal actors to 
be obtained. 
 
v) Ex ante analysis. In order to identify potential future problems, exploring 
historical system data has to be complemented with scenario assessments. 
For this basic feature, I propose to develop a system model where correla-
tions among interdependencies of essential system components are de-
fined. Approaches related to system modelling are often used to serve that 
purpose. Subsequently, exploratory scenario analysis can be used to simu-
late possible future states of the system. The results are likely to yield clues 
to potential development paths the system may take. 
 
vi) Normative basis. In order to evaluate the system performance against pre-
defined objectives that mirror the normative requirements of SD, I propose 
to revert to a current scientific interpretation of the guiding principles of SD. 
As elaborated in section 3.1, the focus of the debate on human develop-
ment and environmental degradation has shifted from resource scarcity to 
the fragility of socio-ecological systems. Accordingly, I propose to select an 
interpretation that accounts for that development. 
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vii) Steering and instrumental rules. It is a frequent complaint that the con-
ception of SD is too abstract to operationalise. Accordingly, in order to trans-
late the ambiguous model into more tangible goals, I propose to draw on a 
multi-step procedure. By applying such a procedure, the normative basis 
can be further enriched with interpretations and thereby broken down into a 
more tangible set of steering rules and instrumental rules. 
 
viii) General goals. Based on the previously defined steering and instrumental 
rules on the one hand and the detailed analysis of biophysical flows as well 
as societal steering processes on the other, I propose to systematically de-
rive general goals for criteria by applying the above-mentioned multi-step 
procedure. 
 
ix) Target values. In section 3.3, I argued that specific targets are required for 
indicators and that these goals have to correspond on an aggregated level 
to the general goals of criteria. However, since I also argued above that in-
dicators are likely to be region-specific, and concrete targets for indicators 
can be expected to also depend on the principles, norms and values of a 
society, I contend that in democracies, the production of target values for 
indicators should probably consider some form of societal negotiation and 
deliberation. 
 
Against this backdrop, Figure 10 provides an overview of the proposed structural fea-
tures and theoretical elements of the functional and normative dimensions of the 
framework for sustainability assessments of complex socio-ecological systems. These 
structural features are supposed to be universally applicable to complex socio-
ecological systems. However, in order to be able to explore the strengths and weak-
nesses of the proposed framework better, in this thesis I shall make contributions that 
are specific to electric power systems. These contributions require the methodological 
investments that are outlined in the subsequent sections of this chapter. 
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Figure 10: Overview of the functional and normative parts of the framework 
 (Own elaboration) 
 
Since this framework acknowledges the high priority societal steering processes as-
sume in electric power systems, I shall pay special attention to governance. In section 
3.2, I argued that recent research on the governance of SD has resulted in the broad 
recognition that the operationalisation of SD is likely to require a mode of governance 
that recognises the specifics of sustainability challenges. Accordingly, the governance 
of SD has to take into consideration the fragmented responsibilities of system compo-
nents, a wide distribution of system knowledge and unclear goals in order to better re-
spond to adverse developments in complex coupled socio-environmental systems. 
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Against this backdrop, I argued that the operationalisation of SD may require reflexive 
governance to address the challenges involved. Furthermore, since I am mainly inter-
ested in system transformation, I shall focus on the governance of change that may fa-
cilitate system transitions. Hence, for this thesis I shall not only assume that reflexive 
governance of change has been established, but I shall also lay its cornerstones. 
 
Based on this overview of the proposed framework, I shall proceed by discussing theo-
retical options specifically for electricity systems and arguing for appropriate approach-
es to conduct sustainability assessments of electric power systems. At this stage, I 
would like to point out once more that, while the structure introduced above can be ap-
plied universally to complex socio-ecological systems, the proposed theoretical invest-
ments are specifically geared to electric power systems. Accordingly, I shall first ex-
plore and discuss appropriate methodologies related to creating a holistic system rep-
resentation of electric power systems. 
 
7.2 Theory for system representation 
It is common methodological knowledge that representations of systems are dependent 
on the system boundaries drawn or the research interests involved. Moreover, complex 
systems can never be fully represented as a result of the manifold factors and interac-
tions they involve. However, one can try to identify the relevant constitutive elements of 
a system in terms of its functional contribution together with these elements’ relevant 
interactions with the system’s environment. Uranium is not a functional prerequisite for 
electric power systems, but power generation is. The presence of a free market among 
producers and consumers is not a functional prerequisite but electric power distribution 
is. Accordingly, the goal of this topic is twofold: Firstly, I shall strive to identify the func-
tional constitutive elements of electric power systems together with their relations to the 
system’s environment as an instrument for defining the scope of sustainability assess-
ments. I will thereby argue for a holistic analysis that pays attention to essential inter-
dependencies among societal actors, technical components and ecological capacities. 
Secondly, I not only want to pave the way for a commonly shared understanding of 
these functional components of electric power systems, but I also aim to lay the foun-
dation for later tasks in the sustainability assessments of electric power systems, in-
volving, for example, a systematic deduction of criteria. Accordingly, the key question 
to be answered on the system scope is: What methodology may serve to produce a ho-
listic system representation that encompasses the functional constitutive components 
of sustainability assessments, including enabling and constraining factors?  
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This question is directed at identifying those functional elements that I regard as nec-
essary members of the set of factors to be considered in sustainability assessments. 
 
To identify the functional constitutive components for a holistic representation of elec-
tric power systems, I need certain theoretical background investments regarding holis-
tic representations of systems. A holistic representation of an electric power system 
has to encompass both human and natural elements including their interactions. Cou-
pled human-nature or socio-environmental systems (SES) aim to do just that. Electrici-
ty systems are exemplary coupled human-nature systems because they contain physi-
cal energy and material flow components, as well as strong societal components, such 
as defining and operationalising goals directed at human well-being. The combination 
of these two types of elements in technological artefacts is a further hallmark of cou-
pled human-nature systems. I am therefore looking for a well-founded conceptual 
scheme for analysing coupled human-nature systems. Against this background, this 
section argues for why I propose the theoretical scheme offered by the socio-ecological 
approach of societal metabolism (Fischer-Kowalski & Weisz 2005; Fischer-Kowalski & 
Erb 2006). Using these theoretical investments, chapter 8 then presents an exemplary 
holistic depiction of electric power systems and demonstrates the relevance of this kind 
of representation by analysing different cases to deduce the effects of the scope defini-
tion on the outcome of the sustainability assessment. 
 
In sustainability assessments, there are two widely used approaches for identifying rel-
evant elements of electric power systems; namely, DPSIR assessing driving forces, 
pressure, state, impact and response (Atkins, Burdon, Elliott & Gregory 2001; Cooper 
2013; Omann, Stocker & Jäger 2009), and some combination of energy and material 
flow analysis, often life cycle assessments (LCA), together with cost-benefit analysis 
(CBA) (Asdrubali, Baldinelli, D’Alessandro & Scrucca 2015; Garcia, Marques & Freire 
2014; Lopes Silva, Delai, Delgado Montes & Ometto 2014; Oliveira et al. 2015; Re-
strepo, Bazzo & Miyake 2015; Santoyo-Castelazo, Gujba & Azapagic 2011; Sherwani, 
Usmani & Varun 2010; Stamford & Azapagic 2014; Turconi, Boldin & Astrup 2013). The 
former was developed to capture exactly what I am interested in. In DPSIR, the classic 
flow components are expressed by pressure, such as resource extraction, state such 
as for example resource stock, and impact, such as emissions from resource use. Fur-
thermore, social factors representing driving forces, such as consumption patterns, and 
reactions, such as policy decisions or societal steering criteria, are explicitly taken into 
account. DPSIR is meant to display a dynamic, reflexive system, where actors have the 
opportunity to react with steering instruments to developments in other domains. As 
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electric power systems obviously include human driving forces, such as business and 
consumer interests, and are steered by policy instruments for example, DPSIR seems 
to be a promising candidate for a systemic analysis of electricity systems. However, 
there are well-known shortcomings to this approach. Stocks, representing the state 
category for example, could refer to natural, social or financial capital. Moreover, social 
capital could also function as a drive or even belong to the domain of reaction. Accord-
ingly, it is far from evident whether the five general categories representing the DPSIR 
approach are really able to function as an unambiguous conceptual scheme for sys-
temic analysis. As these five categories could be applied to social and natural compo-
nents in the same way, it is by no means clear how they could conceptually steer the 
analysis of the interaction between social and natural components of electricity sys-
tems. DPSIR points to abstract dynamic criteria that the representation of a system has 
to consider, rather than providing a theoretically sound methodological instrument for 
analysing coupled human-nature systems. While it certainly serves well for many prac-
tical and pragmatic assessment approaches, it cannot offer the theoretical foundation I 
am looking for. 
 
Whereas DPSIR fails to offer a transparent and well-defined approach, LCA together 
with CBA fulfil that requirement. LCA have become standardised instruments with 
which researchers attempt to cover all biophysical aspects of a product’s life cycle. 
However, LCA cannot capture social components; it focuses on the causal, material 
flows and not on the reasons for, or the social drivers of, for example, electricity de-
mand. This is why LCA are often accompanied by CBA. Benefits display the social goal 
of welfare, expressing well-being in the sense of preference satisfaction in economic 
terms. Total costs, including externalities, entail the social and financial capital invested 
to achieve the goals. CBA can be carried out on different levels, from the micro level, 
such as businesses, to the macro level which involves societal decisions. CBA pro-
vides important information on efficiency, that is, on the best possible relation between 
investments and achieved outcomes. Theoretically, given full information and assuming 
that welfare provides a satisfactory metric of well-being, CBA could cover all the rele-
vant social factors. Hence, on the one hand CBA is complementary to LCA by captur-
ing the missing social elements of the LCA and, on the other hand, by being able to 
calculate the social costs of the elements identified by LCA. As a result, at first glance 
the combination of CBA and LCA seems to offer a reasonable solution to what I am 
looking for: it displays the systematic link between social and natural aspects and pro-
vides the rationale for decisions. 
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However, this approach has two conditions: Firstly, that all relevant factors have to be 
known and, secondly, that all relevant information is available. If this is not the case 
and I misrepresent the system in question, then I will also miscalculate the combined 
CBA and LCA. Moreover, there is some risk that the system’s boundaries would be 
drawn according to the available data and not according to what is a relevant factor. 
Without neglecting the usefulness of a combined CBA and LCA, I would like to avoid 
these risks. Accordingly, the general shortcoming of combined LCA and CBA consists 
in representing the complex societal system as a black box.17 Therefore, I want to first 
take a step back to ensure that the system analysis is based on a satisfactory theoreti-
cal foundation.18 The critical review of DPSIR and combined CBA and LCA reveals that 
I first need to understand the system’s relevant components and their respective struc-
tural relations. As developing such an understanding must be guided by theory, I am 
looking for a theoretical approach that is able to conceptualise the dynamic coupling 
within human-environment interactions. 
 
To do so, I propose drawing on the societal metabolism approach (SMA) developed by, 
among others, Peter Sieferle (Sieferle 1997) and Marina Fischer-Kowalski (Fischer-
Kowalski & Weisz 2005; Fischer-Kowalski & Erb 2006)19. Contrary to natural metabo-
lism, societal metabolism is intended and socially organised. Its key feature is human 
labour. According to SMA, human beings not only act but, by their action, they also in-
vest labour to shape their natural environment and thereby create hybrids between the 
natural and the social. A human being is itself a hybrid insofar as it is partly natural in 
terms of its metabolism and partly social, for example in that it symbolically interacts 
through communication. More importantly, humans create artefacts, such as domesti-
cated animals or technology, by investing labour. These artefacts can be reduced nei-
ther to material and energy flows nor to symbolic social meaning. Moreover, although 
the societal metabolism is built upon individual actions, it is not reducible to them. Hy-
                                               
17
 Schellnhuber’s (1999) famous world-system, for example, consists of a multitude of energy 
and material-flow factors. However, only three general human impact factors are acknowl-
edged. These factors are not specified, but explicitly taken as black boxes (Schellnhuber 
1999). 
18
 There are further problems associated with CBA in sustainability assessments that I shall 
not explore further here, such as how to deal with uncertainties and future generations. 
19
 One might be wondering why I do not base my work on the contributions of Ostrom (2009). 
A detailed debate on their strengths and weaknesses in relation to SMA would go beyond 
the scope of this thesis. Consequently, I shall merely point to the fact that Ostrom directs 
her analysis to a resource unit within a specific space, while electricity systems are quite 
different in that respect. 
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brids such as technology, or a complex structure such as an electric power system, are 
collectively organised, requiring both division and coordination of labour.20 
 
Figure 11 displays the mutual relationships. Although human labour shapes and influ-
ences natural energy and material flows to create artefacts, these artefacts are prod-
ucts of societal activities and shape societal activities in return. Societal organisation 
may include markets, research activities, control mechanisms or ownership structures. 
Moreover, as there is no social organisation without rules, norms and values, the or-
ganisation of energy and material flows includes values, norms and rules by definition. 
Accordingly, if I base a systematic analysis of electric power systems on such a theo-
retical frame, a sustainability assessment cannot focus only on technology assess-
ment. Technologies, artefacts and their consequences for energy and material flows, 
as well as their impact on the general environmental state, are only a part of the pic-
ture. Against this backdrop, I argue that a system representation also needs an appro-
priate treatment of the societal organisation. 
 
 
Figure 11: Schematic depiction of societal metabolism approach 
 (Own elaboration) 
 
Accordingly, I propose to apply the SMA approach related to coupled human-nature 
systems in order to create an exemplary holistic representation of electric power sys-
                                               
20
 One may define societal metabolism as the system of collectively organized activities that 
creates both goods to serve human purposes and is impacted by the resulting emissions 
and waste. 
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tems that encompasses the relevant components. This depiction of electricity systems 
will later serve as a basis for systematically deducing criteria for sustainability assess-
ments of electricity systems. I shall elaborate the system representation based on SMA 
in chapter 8. 
 
7.3 Theory for criteria 
One of the features of sustainability assessments is to extract and evaluate data re-
garding predefined criteria. Accordingly, authors face the question on how to select the 
relevant criteria for assessing a system. The answer to this question depends without 
doubt also on the system boundaries. Against this backdrop, it becomes obvious that 
the definition of the system scope, or in other words what constitutes the functionality of 
the system, has a deciding effect on the range of potential criteria to be assessed. 
 
Today, there is broad agreement among researchers that electric power systems bear 
the functionality of extracting energy carriers, generating and distributing electric power 
and powering electrical appliances to provide energy services. This functionality essen-
tially ensures that electric power systems can serve their purpose: improving the well-
being of people and enabling the mass production of goods and services for business-
es. While a vast number of new technologies is currently in development, the system 
functionality is assumed to remain constant for future as well. Today, power grids 
transmit electricity from power plants to consumer centres; in the future, however, an 
increased penetration of distributed renewable energy and smart grid technologies is 
expected. This may require power grids to transmit excess electricity from numerous 
‘prosumers’ to consumers without onsite power generation. While the role of power 
grids might change in such a case from a one-way power supply to a disposal of ex-
cess electricity from ‘prosumers’ to consumers, the core functionality of power grids, 
namely, to transmit and distribute electric power, remains the same. Assuming that an 
agreement on the functional constitutive elements of electric power systems can be 
reached, as argued in the previous section, then potential criteria applied to system 
components to measure energy and material flows, including societal steering pro-
cesses, should also be the same. If this assumption holds true, then I should be able to 
draw up a set of criteria for sustainability assessments of electric power systems. 
 
The functionality of electric power systems is, however, also affected by enabling and 
constraining factors lying outside the technical infrastructure components: the natural 
occurrence of energy fluxes, such as wind or solar radiation, determines the power 
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generation potentials of wind farms and solar PV systems. Furthermore, new smart grid 
technologies, such as demand-side management, can be applied to modify consump-
tion patterns to power generation profiles. Accordingly, these enabling and constraining 
factors, which can be found in the social and environmental dimensions of electric 
power systems, may also exert a strong influence on the system functionality. Against 
this backdrop, I argue that, in sustainability assessments, aspects of the social and en-
vironmental dimensions also need to be evaluated: 
 
a) Social actors and societal structures define the technical design and actively 
steer the development of the technical components of electricity systems; 
 
b) Ecological capacities define the extent of the technical components through 
resource stocks, the availability of energy sources and emission sinks. 
 
Consequently, I argue that factors that enable and constrain functionality can also be 
expected to be the same for each electric power system, since both the availability of 
the core functionality and its preconditions are what constitute electric power systems. 
Obviously, however, while factors such as precipitation of or participation in policy pro-
cesses exist, they may vary across regions and jurisdictions. Nonetheless, even if the 
values of these factors differ, the system components still remain relevant. For exam-
ple, fewer sunshine hours per day may indeed reduce the potential or production of so-
lar PV generation, but the number of sunshine hours does not affect the general func-
tion. Accordingly, if my claim proves to be right, then one should be able to draw up a 
common set of criteria for the system functionality including enabling and constraining 
factors. Since such criteria are based on the functionality of the electric power system 
or relevant social or environmental frame conditions, I should be able to deduce such 
criteria from a holistic system representation that encompasses the relevant system 
components. 
 
However, at this point I also acknowledge that a holistic system representation is likely 
to be too abstract to serve as a basis for deriving criteria systematically, and that the 
relevant energy and material flows, including societal steering processes, first need to 
be identified and worked out in more detail. Accordingly, a detailed analysis of energy 
and material flows across the four stages of value creation borne by the technical com-
ponents of the system and the societal steering processes governing these biophysical 
flows are a prerequisite for such an endeavour. Taking such a holistic view on electric 
power systems as a starting point is likely to result in a shift of focus from today’s tech-
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nology evaluations to more systemic assessments. In holistic analyses, measuring the 
carbon dioxide emissions of a coal-based power plant, for example, is not a primary 
objective as only a fraction of total emissions is reviewed. However, assessing this type 
of emission resulting from one hour of lighting, for example, can be expected to yield a 
more complete picture, as data of the entire life cycle is considered. A key advantage 
of such a systemic approach lies in considering a more complete set of information in 
decision making. While the contribution of cooking to climate change, as another ex-
ample, obviously depends on the selection of electric power generation technologies, 
applying a more holistic approach will also account for other measures, such as en-
deavours to promote energy efficiency. 
 
Accordingly, the aim of my contribution on criteria for electric power systems is twofold: 
Firstly, I shall provide an overview of the relevant energy and material flows of electric 
power systems, as well as societal transformation processes based on the previously 
developed holistic system representation. Secondly, I shall then deduce criteria for rel-
evant system components, capturing the respective biophysical flows and social pro-
cesses. Accordingly, I intend to answer the following question related to criteria in this 
section: What methodologies prove to be effective for determining the criteria that are 
of relevance to evaluate energy and material flows, including societal transformation 
processes, in electric power systems? 
 
To analyse relevant flows based on a holistic system representation, I shall first invest 
methodologies related to energy and material flow analysis to cope with the biophysical 
aspects of the system. I shall then proceed by elaborating why the aforementioned 
methods need to be enriched with an element pertaining to the system’s societal steer-
ing components (Baerlocher & Burger 2010). The output of this contribution will consist 
of a set of criteria to be utilised in sustainability assessments of electric power systems. 
I shall present this deliverable in chapter 9. In chapter 12, I shall then compare and dis-
cuss the proposed exemplary set of criteria in relation to contributions of the research 
sample in a broader context. Accordingly, I shall continue by exploring appropriate 
methods for the analysis of energy and material flows. 
 
In section 7.2, I touched on such methods to reflect on the appropriateness of energy 
and material flow analysis in framing the scope for sustainability assessments. While I 
acknowledged the relevance of such analysis in the context of sustainability assess-
ments, I then deemed LCA and CBA to be inappropriate for determining system 
boundaries. In this section, however, I will argue why these methods are indeed invalu-
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able for sustainability assessments when evaluating energy and material flows in more 
detail to extract system data. 
 
Material flow analysis (MFA) is a systematic assessment of flows and stocks of materi-
al and is applied within predefined boundaries of systems and time. MFA connects the 
sources, the pathways and the intermediate and final sinks of a material. The results of 
an MFA can be controlled simply by comparing the balance of all material inputs, 
stocks and outputs. This distinct characteristic of MFA renders the method attractive for 
decision support. MFA can be considered a method that establishes the inventory of a 
LCA which strives to assess as many substances and compounds as possible to cre-
ate as complete a picture as possible (Brunner & Rechberger 2003). Against this back-
drop, I conclude that MFA and LCA are complementary and are in a position to meas-
ure energy and material flows across ecological and technical system components and 
thereby meet the methodological requirements. Furthermore, since LCA measure sub-
stances and compounds of materials, they already entail measures which may be re-
used for sustainability assessments. 
 
However, LCA face two well-known challenges: firstly, unavailability or uncertainty of 
data can limit the use of LCA and, secondly, the results of the LCA depend on the sys-
tem boundaries drawn. LCA are often used in sustainability assessments of electric 
power systems and in most cases the scope is framed to assess power generation 
technologies (Dombi, Kuti & Balogh 2014; Heinrich, Basson, Cohen, Howells & Perie 
2007; Hirschberg et al. 2005; Kowalski, Stag, Madlener & Omann 2009; Maxim 2014; 
Ribeiro, Ferreira & Araújo 2013). Since LCA are traditionally applied with a downstream 
scope, the results of these assessments often only consider resource and energy con-
sumption during the value creation stages of resource extraction and power generation, 
ignoring the later stages of power distribution and consumption. In order to provide a 
holistic analysis encompassing all transformation stages, a LCA has to be applied to 
the final stage of power consumption by electrical devices. This last stage offers a wide 
range of energy services to users, involving, among other things, lighting, heating and 
cooling. Measuring the total resource use and energy consumption, for example, by 
one hour of cooling food in a refrigerator will yield the required results, as opposed to 
measuring the resource and energy consumption of a hydroelectric power plant which 
generates the required electricity. Deducing criteria based on a systematic analysis of 
energy and material flows will also eliminate some of the issues faced by other ap-
proaches: Some scholars select indicators based on expert interviews and/or literature 
reviews (Gallego Carrera & Mack 2010; Maxim 2014; Ribeiro, Ferreira & Araújo 2013). 
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However, both approaches are prone to omissions, as experts or authors may be un-
familiar with certain aspects of the system. 
 
While an application of LCA to energy services will yield the required criteria for the bi-
ophysical part of the system, I still need a complement displaying the reflexive aspect 
of societal reactions, namely, the steering component of the system in question. The 
previously introduced SMA itself does not give criteria for analysing the societal organi-
sation, especially the steering-related factors. The SMA is generally intended for empir-
ically relating types of societies to types of energy and matter use (Krausmann, Fisch-
er-Kowalski, Schandl & Eisenmenger 2009). Accordingly, the SMA needs a conceptual 
complement that is not only able to guide the representation of the societal organisa-
tion, but is also able to represent the relevant societal components for transforming the 
metabolism in question. To serve that purpose, scholars participating in a long-standing 
discussion on regimes have more recently worked out approaches for socio-ecological 
regimes (Holtz, Brungach & Pahl-Wostl 2008; Pahl-Wostl, Holtz, Kastens & Knieper 
2010; Paavola, Gouldson & Kluvánková-Oravská 2009). 
 
The socio-ecological part of the system analysis refers to the first domain I am interest-
ed in, namely, energy and material flows established for serving human purposes. The 
term ‘regime’ refers to the organisational or steering aspect. One may thus be tempted 
to identify ‘regime’ with the set of laws and regulations framing a specific field. Accord-
ing to such an understanding, the main actors to be taken into account would be gov-
ernmental actors. However, this would not only be too narrow a characterisation but 
would also ignore today’s scientific state of the art. The huge literature on governance, 
for example, points to many cases of multistakeholder involvement, especially for 
transforming energy and material flows (Kooiman 2003; Pierre & Peters 2000; Stoker 
1998). Ostrom’s (2009) analysis of favourable conditions for avoiding the well-known 
tragedy-of-the-commons effect refers to the following as categories for successful (self-
) organisation: collective choice rules, norms and social capital involved, leadership 
and entrepreneurship, and knowledge among users. If ‘regime’ represents those ele-
ments that are involved in collective actions then two things are clear: firstly, that there 
is more included just rules and regulations, and secondly, that there are certainly actors 
other than politicians and government officials included. If, for example, technology de-
velopment together with the requisite actors has to be considered within the ‘regime’ of 
electric power systems, then the ‘regime’ should allow for including them in the picture. 
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If socio-ecological regimes are understood as frames for collectively organising energy 
and material flows for human purposes, namely, frames for collectively coordinated ac-
tions, then we cannot include only those elements needed for guiding the flows or de-
veloping artefacts. We also have to include those elements relevant for establishing the 
plans in the first place (Baerlocher 2012). The social sciences normally refer to negotia-
tion and deliberation as societal processes that not only devise these plans but also 
adapt them according to knowledge and experience. Plans are of course goal directed, 
and these goals represent what societies – composed of actors – agree upon. Accord-
ingly, there is good reason to expect that, if electric power systems are treated as an 
organised social-metabolic system, then their detailed analysis takes into account 
many general and particular facets of societal organisation, functions and artefacts, 
and their effects on and relations to the environment. As a result, I propose to draw on 
approaches of socio-ecological regimes to capture the relevant social aspects of a sys-
tem. 
 
Accordingly, I propose applying energy and material flow analysis, complemented by 
an approach related to environmental governance, to yield a detailed description of 
electricity systems. This analysis will then serve as a basis for systematically deducing 
a set of common criteria expressing the generic functional components of electric pow-
er systems. The results will be presented in chapter 9 and further discussed in chapter 
12. 
 
7.4 Theory for ex ante analysis 
Once a process to extract system data has been established and a set of criteria de-
fined, then the prerequisites for ex post analysis are met. However, in section 3.3, I ar-
gued that scenario assessments also serve an essential purpose in providing a basis 
for evidence-based decision making. At the same time, the review of current contribu-
tions in chapter 4 revealed significant shortcomings in sustainability assessments of 
electricity systems in terms of ex ante analyses. These forward looking assessments 
seek to build knowledge on possible future states of the system and hint at potential fu-
ture development paths or issues. In order to simulate such scenarios, a sophisticated 
model of the system under review is required. However, because system models are a 
simplification of reality, complex systems cannot be fully replicated in models. This re-
sults in well-known methodological delimitations and authors are forced to reduce 
complexity and focus on relevant system components. 
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In order to determine the essential system features for ex ante analysis, I propose to 
draw once more on a holistic system representation enriched with details on energy 
and material flows as well as societal steering processes. Thus, I argue that the deliv-
erables on system representation and criteria may also serve as a sound starting point 
for developing a comprehensive system model that focuses on relevant system as-
pects. However, in order to come up with a system model, those contributions need to 
be further enriched with correlations among system components; energy policies fa-
vouring renewable energies, for example, can be expected to increase the deployment 
of solar or hydro power generation. Alternatively, the continued operation of coal-based 
power generation technologies without carbon capture technologies can be expected to 
keep greenhouse gas emissions at high levels. 
 
Once the system model is developed, potential future states of the system can be 
simulated. The focus here falls on producing possible scenarios that lie beyond main-
stream development paths. Accordingly, areas for policy intervention can be identified 
on the basis of hypothetical future states of the system. Furthermore, early warning in-
dicators can be applied to observe and respond to adverse developments in the early 
stages. Moreover, the results of scenario assessments enable fruitful discussions to 
take place on the relevance of system components and critical interdependencies. 
However, since a vast number of system models and scenario assessments meeting 
the above requirements already exist and the aforementioned shortcomings in today’s 
sustainability assessment can be traced back to the application of methods that are 
designed to serve other purposes, I shall reduce my objective here to a theoretical con-
tribution. Accordingly, I shall argue for an approach that is effective for covering the 
structural feature of ex ante analysis for sustainability assessments as outlined in sec-
tion 3.3. I shall aim to answer the following question: What approach is able to simulate 
possible future states of complex human-nature systems and supports evidence-based 
decision making in sustainability assessments based on a detailed system analysis? 
 
To answer this question, I shall invest the theoretical elements related to system mod-
elling and scenario assessment. As argued above, the proposed methodologies will 
have to be able to cope with the simulation of hypothetical situations that may potential-
ly develop over time. These scenarios will serve as a basis for deliberating on whether 
specific potential developments ought to be prevented, diverted or encouraged by de-
cision makers (Goodwin & Wright 2005). In this section, I shall therefore discuss why I 
propose to draw on approaches related to system modelling and exploratory scenario 
analysis to model system interactions and compute scenarios (Kosow & Gassner 
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2008). Possible deliverables, such as developing a sophisticated system model or pro-
ducing a set of exemplary scenarios are, however, beyond the scope of this thesis. Ac-
cordingly, I shall proceed with a discussion on frequently applied approaches and ar-
gue for exploratory scenario analysis in more detail. 
 
Scenario analysis is a widely appraised and established tool to support long-term plan-
ning and decision making (Bunn & Salo 1993). For scientific purposes, scenario analy-
sis is often applied as a systematic technique to construct assumptions on interde-
pendencies among system components and driving forces of change. Today, there are 
three types of scenario analyses that are frequently applied in the context of sustaina-
bility issues (Berkhout, Hertin & Jordan 2002): 
 
i) Normative scenarios. In this regard, a set of predefined scenarios is creat-
ed based on policy goals or expert opinion (Karger & Hennings 2009). Such 
scenarios often resemble those potential future states of the system that 
policy makers deem desirable or feasible to achieve through the deployment 
of policy instruments. 
 
ii) Comparative scenarios. In order to compare the contribution of a set of 
preselected technologies to a system, comparative scenarios are developed 
and assessed to determine which technologies should be implemented on 
an isolated basis (Jeswani, Gujba & Azapagic 2011; Rovere, Borghetti Soa-
res, Basto Oliveria & Lauria 2010). 
 
iii) Explorative scenarios. In contrast to the other two approaches, explorative 
scenario analysis21 does not yield predictions of the future, but rather pro-
vides a range of development paths or possibility spaces (Kowalski, Stagl, 
Madlener & Omann 2009; Ribeiro, Ferreira & Araújo 2013). 
 
Normative scenarios are often applied to demonstrate the impact of specific technolo-
gies or policy instruments on the welfare of a society or the environment. They are also 
frequently applied in policy processes by government institutions to trigger societal dis-
course and form opinions on which policy scenario should be pursued. The same can 
be said about comparative scenarios, which assess the effects of technologies. Ac-
cordingly, both approaches aim to discuss ways and means of reaching a predefined 
                                               
21
 Explorative scenarios analysis can encompass both features of quantitative and qualitative 
scenario analysis. 
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goal or state. Against this backdrop, I argue that these two approaches may not be fully 
able to meet the previously specified requirements for ex ante analysis, that is, to pro-
duce potential future states of a system and thereby expand the current system under-
standing. Despite being widely applied, I argue that normative and comparative scenar-
ios hold significant shortcomings if they are to be applied in the context of sustainability 
assessments. To operationalise the guiding principles of SD, various actors are thought 
to have to take actions based on the current knowledge of the system and the potential 
future states. However, in order to increase the understanding of possible future states, 
some form of explorative scenario analysis is required, where system states are not 
predefined. 
 
In order to run explorative scenarios, a system model is required. This model can then 
serve as a basis for scenario research. To do so, it has to encompass the relevant sys-
tem components, which include social actors, technical components and the environ-
ment. Accordingly, if used for the analysis of electric power systems, such a model has 
to entail human driving forces and interests as well. Hence, deriving potential scenarios 
based on a holistic system model will not only reveal future states of the system, but 
will also contribute to a better understanding of potential options for objectives. Based 
on such an approach, where scenarios result from simulations of a system model, it is 
possible to gain insights on potential outcomes of strategies (Burger & Zierhofer 2005). 
Consequently, exploratory scenario analysis provides exactly what I am looking for: a 
comprehensive scheme to produce potential future states and thereby enable insights 
to be gained on which development paths may unfold and what options for intervention 
exist. Furthermore, since explorative scenario assessments can cope with qualitative 
aspects, they may also be applied to complex human-environment systems, such as 
electric power systems. As a result, I propose to invest an exploratory scenario analy-
sis approach to derive scenarios for sustainability assessments. 
 
At this point, I would like to touch on recent research findings related to qualitative re-
search. The inclusion of participatory elements in the scenario analysis process may 
yield additional benefits for transforming key systems to more sustainable states for 
three reasons: Firstly, engaging with actors may enable a transfer of scientific 
knowledge on normative objectives from scholars to other actors. Those actors would 
then be more likely to consider such normative aspects in their future actions. Second-
ly, owing to feedback received from respondents and practical experience, researchers 
may in turn broaden their knowledge base on the system. Thirdly, involving other ac-
tors may reduce expert bias, as scientists will be less inclined to introduce their values 
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into their analysis (Scholz 2001). However, introducing participatory elements into ex-
plorative scenario analysis lies beyond the scope of this thesis. 
 
Applying exploratory scenario analysis raises two questions: What system scope is ap-
propriate and which approach is better equipped to derive the exploratory scenarios? I 
shall first provide an answer related to scope. Systems can be modelled at various lev-
els, ranging from aggregated overviews with a focus on interdimensional relationships 
among components to models for individual system components or various intercon-
nected technical components of power infrastructure (Deane, Gracceva, Chiodi, Gar-
giulo & Gallachóir 2015). The latter models are frequently applied to simulate the tech-
nical loads of power grids (Garces 2016) or a district (Allegriniet al. 2015) with the aim 
of determining optimal capacities for power infrastructure components or estimating the 
maximum deployment potential for renewable energy technologies (Bakirtzis, Si-
moglou, Biskas, Labridis & Bakirtzis 2015). Accordingly, they serve the needs of sys-
tem operators to maintain reliable power infrastructures. However, the aim of my en-
deavour here does not lie with identifying the technical limitations of established tech-
nical system components, but rather with creating a more general overview of the sys-
tem, encompassing relevant system features as a basis for scenario assessments. 
Thus, I propose to frame the system scope in such a way as to capture the dynamic in-
terdependencies of relevant components at a more aggregate level. 
 
This brings us to the second question related to choosing an effective approach to 
compute exploratory scenarios. Today, a broad diversity of approaches on scenario 
analysis exists. Originating from early contributions in the nineteen seventies, early en-
deavours sought to develop consistent scenarios as a basis for strategic decisions. To-
day’s approaches differ primarily in respect of the process used to develop scenarios 
and assess consistencies and plausibilities (Steinmüller 1997). Accordingly, based on 
the homogeneity of the available approaches under review, scenario analysis can be 
roughly structured into the following common stages: Firstly, the scope and system 
boundaries are defined. Secondly, relevant impact factors, describing the state and dy-
namics of a system component, are defined. Thirdly, interdependencies among impact 
factors are evaluated. Fourthly, scenarios are generated based on a simplified system 
model. Fifthly, scenarios are developed and described (Kosow & Gassner 2008). 
 
Against this backdrop, I propose to base ex ante analysis for sustainability assess-
ments of electric power systems on exploratory scenario analysis and for the imple-
mentation I recommend applying the proven stages of scenario development. At this 
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stage, I would like to point out once again that the key strengths of exploratory scenario 
analysis lie in producing potential future states of a system. The results are, in sustain-
ability assessment contexts, used to increase understanding of the system. 
 
7.5 Theory for normative basis 
The guiding principles of SD strive for human development that does not erode the en-
vironment and thereby maintains opportunity spaces for future generations. This con-
ception clearly bears the features of a normative objective. In order to operationalise 
SD, sustainability assessments are designed to evaluate to what degree that objective 
is attained. However, the rather abstract objectives formulated in the Brundtland Report 
have led to a controversial debate on what exactly should be sustained. Accordingly, 
several interpretations of SD have evolved. Despite a lack of consensus on what exact-
ly should be sustained, there is common ground among scholars of social sciences that 
the guiding principles of SD address a general distributional question on resources and 
the fragility of ecosystems. To answer distributional questions, researchers traditionally 
draw on theories of justice. These theories can have a deciding impact on the opera-
tionalisation of SD; drawing on a purely economic approach in policy making based on 
national income can be expected to promote measures to increase the gross domestic 
product (GDP). Should the GDP grow, then according to that interpretation society can 
be considered to be on the right track to fulfil the objectives. Alternatively, referring to a 
broader interpretation that seeks to safeguard a wide range of human rights is likely to 
lead to a number of additional requirements having to be met to accomplish the sus-
tainability challenge. Such rights may involve, among others, granting access to politi-
cal processes or preventing discrimination against minorities. 
 
Accordingly, conducting sustainability assessments inevitably requires a choice for a 
specific scientific interpretation of the guiding principles or theory of justice in order to 
determine what objectives are to be met by the system in question. While authors of 
sustainability assessments may be reluctant to exercise such a decision, due to its re-
sounding effects, a selection of a normative basis is a necessary precondition for set-
ting goals for sustainability assessments. In this section, however, I do not intend to 
contribute to the broader discussion on what should be sustained. Nonetheless, I shall 
present different interpretations of SD and argue for an interpretation that reflects the 
current state of the scientific debate. I expect this interpretation to pave the way for the 
more systematic formulation of general goals for criteria in chapters 10 and 11. I shall 
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proceed by summarising the current procedures applied in sustainability assessments 
of electric power systems and exploring their shortcomings. 
 
Today, authors of sustainability assessments often draw on benchmarking approaches, 
expert interviews or trend analyses to either select or prioritise criteria and indicators. 
These approaches are, however, based on ranking schemes that are in no way related 
to the normative features of SD. It is by no means clear, for example, whether the win-
ner between a technology benchmarking process or a positive trend in energy efficien-
cy meets the requirements for societal development and conservation of the ecological 
capital of planet Earth as formulated in the Brundtland Report. Moreover, an increasing 
trend in the consumption of renewable resources may not necessarily lead to an over-
exploitation of the resource stock, as long as consumption remains within the bounda-
ries of regeneration rates. However, defining goals for criteria in sustainability assess-
ments which mirror the normative requirements of SD will allow exactly that: to answer 
the question of whether certain development patterns lead to meeting or failing the 
overarching objective. Accordingly, within this section I strive to select a normative 
foundation that mirrors the objectives of SD. This interpretation will later serve as a ba-
sis for systematically formulating goals for the criteria in sustainability assessments. 
Hence, I aim to answer the following question in this section: Which normative bases 
exist that appropriately reflects the current understanding of the sustainability challeng-
es faced and what approaches serve the process of systematically formulating general 
goals for sustainability assessments? 
 
Answering this question will first require deciding on a current scientific interpretation of 
SD. I shall start this endeavour by exploring the key sustainability literature that is often 
highlighted in scientific discussions on SD. I shall add to this review by exploring the 
strengths and weaknesses of these conceptions. I shall then present key theories of 
justice, which may be required to augment the reviewed conceptions with additional 
normative features. Against this backdrop, I will then be able to argue for an interpreta-
tion of SD that is based on the guiding principles and reflects the current state of the 
scientific debate. Using these theoretical investments, I shall present a normative foun-
dation that I deem appropriate as a basis for later formulating goals for criteria in sus-
tainability assessments at the end of this section. I shall start by presenting and dis-
cussing broadly accepted exemplary features of interpretations of SD that have strong-
ly influenced the discussion on the operationalisation of SD: 
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i) Ecological sustainability. The concept of resilience in ecological systems 
emerged from environmental sciences and promotes the restriction of pollutant 
emissions to the level that ecosystems can absorb (Holling 1973). While this con-
cept was developed prior to the guiding principles of SD, aspects of resilience are 
often highlighted in scientific discussions on how to operationalise SD. 
 
ii) Weak versus strong sustainability. This concept evaluates conflicts of re-
source distribution among generations. Weak sustainability allows depleting natu-
ral capital to increase human capital. The concept of substituting resources for in-
tergenerational justice was developed prior to the Brundtland Report (Hartwick 
1978). 
 
iii) Guiding principles of SD. The most frequently cited definition of SD is a “devel-
opment that meets the needs of the present without compromising the ability of 
future generations to meet their own needs” (WCED 1987). 
 
Concepts of ecological sustainability, such as resilience, originate from sciences that 
analyse disturbances in ecosystems. These disruptions may either be manmade or 
caused by natural catastrophes. The aim of concepts related to ecological sustainability 
lies in maintaining and improving the resilience of ecosystems (Holling 1973). However, 
the resulting effects of ecosystem failures on human development were originally not 
fully explored. Thus, interpretations based on such concepts tend to focus on the envi-
ronmental part of SD and often exclude vital societal aspects of SD. Meanwhile, resili-
ence is increasingly also seen as a system property of socio-ecological systems: the 
function of such human-nature systems has to be maintained. Nonetheless, concepts 
concerning resilience often refrain from considering human well-being as the overarch-
ing objective. Accordingly, I argue, without going into a detailed discussion here, that 
this interpretation is likely to only partly mirror the requirements of the guiding principles 
of SD. 
 
The concept of weak versus strong sustainability encompasses both the societal and 
the environmental dimensions of SD. Furthermore, this concept is based on rules, 
where, for example, weak sustainability allows the consumption of natural capital so 
long as human capital is created. In contrast, strong sustainability seeks to pass natural 
capital on to future generations (Hartwick 1978). At first glance, this conception seems 
to better meet my requirements, as both social and environmental aspects are consid-
ered. However, there are also well-known shortcomings to this conception: applying an 
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approach based on weak sustainability would lead to most industrialised countries be-
ing considered sustainable so long as their economy keeps growing. Accordingly, in 
extreme cases, weak sustainability could be seen as a conception that essentially pro-
motes the exploitation of all natural resources so long as human development is 
achieved, ignoring the potential future implications resulting from an eroded environ-
ment. This, however, strongly opposes the original aim of SD: to safeguard the ecolog-
ical capital for future generations. At the same time, the concept of strong sustainability 
does not allow non-renewable resources to be exhausted even if these resources are 
spent to develop technologies that promote tapping into the potential of renewable re-
sources. As such, the conception of strong sustainability is often perceived as impeding 
development in general. I take these arguments as sufficient to conclude that this con-
cept only partly meets my requirements. 
 
The Brundland Report offers a much appraised definition of SD that is often used as a 
basis for further scientific contributions (WCED 1987). It acknowledges the strong in-
terdependencies between productive ecosystems and human development. Further-
more, it addresses the distributional question on intra- and intergenerational justice. 
Moreover, it raises awareness on the relevance of active and reflexive governance for 
resolving sustainability issues. Accordingly, I consider the guiding principles of SD to 
encompass the normative features I am looking for. However, the Brundtland Report 
faces two major criticisms: 
 
i) Unclear definition of needs. According to the Brundtland Report future 
generations have to be able to meet their needs. However, what exactly 
these needs comprise is not further specified. This is especially problematic 
when referring to future generations, as we cannot know today what the 
needs of future generations will be. 
 
ii) Unclear relationship among generations. The distributional question on 
intra- and intergenerational justice is addressed but not explored further. 
Accordingly, the relationship between current generations and future gener-
ations is not clear. 
 
These two ambiguous aspects of the guiding principles of SD are perceived to be ma-
jor drivers for the plurality of interpretations that impedes a consistent operationalisa-
tion of SD, as critical cornerstones of the overarching objectives remain unclear: while 
the importance of securing the well-being of future generations is broadly acknowl-
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edged, it is far from obvious whether these needs only entail essential needs, such as 
the provision of food and freshwater, or encompass broader criteria that make up a 
good life, such as access to political rights or protection against discrimination. Accord-
ingly, I argue that, for my endeavour, the definition given by the Brundtland Report is 
also too ambiguous to serve as a basis for setting goals for sustainability assessments. 
While the Brundtland Report raises distributional questions, it does not answer how re-
sources and the benefits of development should be shared among the current and fu-
ture generations. Hence, I argue that sustainability assessments cannot just generally 
refer to the general Brundtland line of reasoning, but have to be further informed by a 
theory that can provide answers to the two questions above. 
 
Theories of justice, which reflect a set of norms and values as guidelines for action, are 
able to provide rules that may consider, among other things, future generations in the 
process of distributing precious resources. Accordingly, to answer the question on how 
to distribute resources, one may have to draw on the rules of theories of justice to en-
rich the definition of the Brundtland Report with further normative features. The latter 
should then be sufficiently detailed to serve as a basis for defining more tangible goals 
for sustainability assessments. Ultimately, I argue that this endeavour can be expected 
to provide a more elaborate normative foundation. Today, four metrics of justice are 
broadly acknowledged by social scientists and are referred to in the context of SD: 
 
i) Welfare. Definition of well-being as the efficient allocation of production factors 
that allows the gross domestic product to be measured (Kuznets 1934). 
 
ii) Primary goods. Definition of a set of natural and social goods that human beings 
are thought to require to achieve well-being (Rawls 1971). 
 
iii) Basic needs. Definition of a few essential goods that comprise minimum re-
source requirements to maintain physical human health (ILO 1976). 
 
iv) Capabilities approach. This theory focuses on what individuals are able to do 
and the freedom they have in making choices (Sen 1985). 
 
Without going into the detailed aspects of these theories of justice, my modest attempt 
here lies with demonstrating how the selection of a theory of justice to enrich the guid-
ing principles affects the operationalisation of SD. An interpretation of SD that refers to 
the basic needs approach, for example, may reduce development objectives to the 
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pursuit of eliminating poverty (ILO 1976). However, even the interpretation on what 
constitutes basic needs varies from very restricted perspectives that consider only 
food, clothing and shelter to relatively more encompassing views which additionally in-
clude sanitation, education, healthcare and social participation. Nonetheless, introduc-
ing rules of the basic needs approach into an interpretation of SD can be expected to 
result in a society without poverty being considered sustainable. Alternatively, the ca-
pabilities approach offers a wider definition of minimum necessary conditions to be met 
and focuses on the provision of opportunity spaces (Sen 1985). Here, compared to the 
basic needs approach, additional requirements need to be met, such as offering pro-
tection against discrimination or enabling participation in political processes. The point 
here is obvious: the underlying theory of justice to be used for the enrichment of the 
guiding principles has a substantial impact on goals for sustainability assessments. 
 
Providing a contribution to the operationalisation of well-being or arguing for the most 
appropriate theory of justice to be used clearly lies beyond the scope of this thesis. My 
aim in this section lies with merely drawing attention to the fact that the selection of the 
underlying theory of justice can potentially have a huge effect on the goals that are 
subsequently applied in sustainability assessments. Accordingly, in order to accomplish 
the task of this section, I will have to invest an existing interpretation of SD. 
 
Based on recent research, I propose to enrich the definition of the guiding principles of 
SD as formulated in the Brundtland Report with rules that encompass a broader range 
of conditions to be met: Sustainable development aims to achieve well-being by con-
sidering ecological frame conditions, such as productivity and the resilience of ecosys-
tems, that are vital for future human well-being, and the potential for societal transfor-
mation (Burger et al. 2018). I shall refer back to this normative basis in chapters 10 and 
11 when formulating a set of rules and general goals for criteria in sustainability as-
sessments of electric power systems. 
 
In this section, I provided the normative prerequisite to formulate general goals for cri-
teria. I shall now proceed to answer the second part of the initially formulated question 
by exploring appropriate approaches that facilitate the process of deriving general 
goals for criteria in the sustainability assessments of electric power systems based on 
the normative foundation presented above. 
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7.6 Theory for reflexive transformation governance 
According to the guiding principles of SD, a development is sought that not only 
achieves well-being for current generations, but also preserves opportunity spaces for 
future generations. The Brundtland Report further concludes that current consumption 
patterns in industrialised countries are thought to erode the ecological capital (WCED 
1987). Against this backdrop, scientists argue that future development in industrialised 
countries has to be readjusted, as business as usual is perceived to potentially obstruct 
future generations from achieving similar levels of well-being (Adger & Jordan 2009; 
Griffin 2010; Meadowcroft, Langhelle & Ruud 2014). Keeping in mind that today’s key 
infrastructure is characterised by fragmented responsibilities and disagreements on 
goals, and critical system knowledge is scattered across various actors, in order for 
such societies to direct development, a collective organisation of work towards a com-
mon goal is required. 
 
The subject of governance and SD is a complex one encompassing various themes, 
such as institutions and policy instruments. A comprehensive analysis of the latter 
clearly lies beyond the scope of this thesis. However, one may try to describe those 
aspects of governance that are relevant to enable a transition from today’s systems to 
more sustainable states. Such a focus on governance will then serve as a basis for 
systematically assessing the social realm of the actors in a system under review. An 
evaluation of such requirements will then shed light on whether preconditions have 
been met to transform the system in question according to the normative features of 
SD. Hence, the key question to be answered on the broader subject of operationalising 
SD is: What requirements for societal transformation processes are to be evaluated to 
determine whether a transition to a more sustainable electricity system can be made? 
 
This question is directed at identifying those requirements on the instrumental level that 
are functionally relevant when one seeks to operationalise SD by transforming a socie-
ty. To answer this question, I will make two contributions: Firstly, I shall provide an 
overview of those features of reflexive transformation governance that are considered 
relevant to conduct system transitions. Secondly in section 7.7, I shall argue for an ap-
proach that allows a set of instrumental requirements to be formulated for evaluating 
reflexive governance of change. 
 
In order to derive requirements for the reflexive governance of change, I shall invest 
two distinctive theoretical elements related to governance and the formulation of goals. 
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On the one hand, governance has to include those steps that are relevant for steering 
a system. These procedural components could be provided by a framework for the re-
flexive governance of change. On the other hand, instrumental rules on this transfor-
mation governance have to be formulated. Accordingly, in this section, I shall first pro-
vide an overview of the essential features of the reflexive governance of change and 
then argue in section 7.7 for an appropriate methodology to formulate the instrumental 
rules that governance has to meet. Using these theoretical investments, I will present 
and argue for a set of criteria in chapter 9 and instrumental rules in chapter 11. I shall 
compare these contributions to existing contributions in order to explore the strengths 
and limits of my proposed approach with regard to criteria and instrumental rules for 
sustainability assessments in chapter 12. 
 
Today, there is a wide range of scientific proposals on what mode of governance is re-
quired for SD (Jordan 2008; Van Zeijl-Rozema, Cövers, Kemp & Martens 2008). How-
ever, a consensus on the most suitable mode of governance has not yet been reached. 
For this thesis, I shall base my contribution on the reflexive governance of change, 
consisting of five structural elements, to direct development in a dynamic environ-
ment.22 These five structural components are consistently mentioned in the scientific 
literature and reflect the current state of the scientific debate on the implementation of 
SD and essential features of reflexive transformation governance: 
 
i) Guiding principles of SD. A set of guiding principles is developed which 
expresses the overarching goals and mirrors the norms and values accept-
ed by society. For my thesis, I shall refer to the previously provided defini-
tion of SD: Sustainable development aims to achieve well-being by consid-
ering ecological frame conditions, such as the productivity and resilience of 
ecosystems vital for future human well-being, and the societal transfor-
mation potential (Burger et al. 2018). The principles aim to guide the actors, 
subject to this system, in their actions (Newig, Voss & Monstadt 2008). 
 
ii) Objective dimensions, steering rules and instrumental rules. The guid-
ing principles are translated into objective dimensions for key systems that 
serve critical human purposes. More tangible steering and instrumental 
rules are then formulated, which refer to objective dimensions and which are 
                                               
22
 I already provided an argumentation in section 3.2 why many scholars deem today reflex-
ive governance as a precondition to operationalise the SD. 
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specific for the system in question.23 Typical examples for such rules are ‘to 
harvest renewable resources within the limits of their regeneration rates’ or 
‘to ensure participation in societal decision-making processes’. In essence, 
these rules are conditions that have to be met by the system. By enriching 
abstract objectives into more elaborate pieces, actors can more easily facili-
tate the efficient organisation of their work. Furthermore, since such rules 
are based on the setting of common goals, actors can collectively contribute 
to commonly shared goals. Once the rules are met, the system meets the 
guiding principles (Kopfmüller et al. 2001). 
 
iii) General goals for criteria. Steering and instrumental rules pave the way to 
the setting of goals for criteria in sustainability assessments. This allows da-
ta on relevant system features to be evaluated against predefined goals cor-
responding to the guiding principles. Typical examples of general goals for 
criteria are: ‘to prevent an increase in global temperature of more than two 
degrees Celsius’ or ‘to eliminate the risk of catastrophic manmade acci-
dents’. This evaluation aims to identify gaps between the system perfor-
mance and the normative objectives of SD. In democracies, potential con-
flicts among goals are likely to involve negotiation and deliberation (Grun-
wald & Rösch 2011). 
 
iv) Organisational set-up and policy steering instruments. The results of 
the evaluation of system data against goals are the starting point for a re-
finement of the organisational set-up and the deployment of new or the ad-
aptation of existing policy steering instruments. The structural set-up en-
sures societal decision making, such as public voting or the formation of or-
ganised institutional actors, negotiation and deliberation, regulations and 
sanctions. Policy instruments are deployed to induce behavioural changes 
in the system, for example by granting subsidies, imposing taxes, banning 
specific compounds or granting rights to citizens. The ultimate goal of policy 
instruments is to provide incentives that, directly or indirectly, alter the activi-
ties of individuals or groups towards common objectives (Meadowcroft 
2007; Newig, Voss & Monstadt 2008). 
 
                                               
23
 I shall argue in section 7.7 in favour of applying a multi-step procedure with deductive rea-
soning. 
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v) Reflexive process. A reflexive process is established to ensure continuous 
learning among actors, as well as actor-environment interdependencies, 
such as understanding the effects of human activities on the environment 
and the repercussions these have for human populations. This involves, 
among other things, research and development and societal learning pro-
cesses, and aims to mitigate the risk of creating path dependence or tech-
nological lock-ins (Grin 2006; Stirling 2004; Voss, Bauknecht & Kemp 2006). 
 
The cornerstones of the reflexive governance of change are broadly supported by key 
literature on SD, such as the Brundtland Report (WCED 1987). Furthermore, Agenda 
21 proposed a wide range of implementation instruments that corresponds to the pro-
posed governance, such as monitoring system development through criteria and gen-
eral goals, organisational set-up or policy steering instruments (UNCED 1992). Some 
implementation efforts on the part of member states are also in line with the proposed 
governance: In Germany, for example, a set of rules was developed to operationalise 
SD (EK 1998). 
 
Figure 12 summarises the cornerstones of the proposed reflexive transformation gov-
ernance, which is meant to actively facilitate a transformation of the system in question. 
On the left-hand side of the figure the five structural features of are shown. The middle 
part of the illustration summarises the key elements of each structural feature, while the 
right-hand side shows the applicable scope. Accordingly, this figure shows that the 
scope of the operationalisation of the guiding principles of SD has to encompass socie-
ty as a whole. However, it also depicts that objective dimensions, steering rules, in-
strumental rules and general goals for criteria are likely to be system specific, if used 
as a basis for operationalising sustainability assessments. 
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Figure 12: Structural features of reflexive transformation governance 
 (Own elaboration) 
 
According to these functional components of reflexive governance of change, sustain-
ability assessments assume a central role in extracting and evaluating data against 
predefined sustainability goals. These refer to the objectives of SD in order to set goals 
for the operationalisation and provide decision support for intervention. Hence, in order 
for sustainability assessments to play their part, they have to be seamlessly integrated 
with other structural features of reflexive governance of change. This leaves only one 
task still to do in this chapter: to identify an approach that supports the process of de-
ducing general goals for criteria in sustainability assessments of electricity systems. 
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7.7 Theory for steering rules, instrumental rules and general 
goals 
As argued in chapter 3, predefined sustainability goals for criteria are a necessary pre-
condition for carrying out sustainability assessments. In order for such targets to pro-
vide a basis for goal-oriented decision making towards sustainability objectives, these 
goals have to mirror the normative features of SD. Only in this way will sustainability 
assessments be in a position to evaluate whether the system under review is on track 
to accomplishing the overarching sustainability objectives. It is a frequent complaint, 
though, that the guiding principles of SD is too abstract to operationalise. Accordingly, I 
proposed in section 7.5 to augmenting the SD definition of the Brundtland Report. 
 
However, while augmenting the guiding priniciples of SD with further normative re-
quirements resolved some of the issues, it still seems to be of little value in trying to de-
rive tangible targets for criteria directly from an interpretation of SD. This is because the 
gap between the objectives of SD and the specific criteria pertaining to a system under 
review still seems to be too big. One can, however, try to break down the process of 
translating the normative requirements of SD into separate steps. Such an endeavour 
could, for example, entail first formulating the core objective dimensions reflecting the 
key cornerstones of SD in relation to the system under review. Subsequently, one 
could then try to define more detailed steering and instrumental rules for each objective 
dimension. While each rule addresses both a key normative notion of SD and a critical 
system aspect, in such an endeavour all rules together will then cover the objectives of 
SD and the entire system in question. Attention has to be paid that the rules define 
conditions that need to be met. ‘Consumption of renewable resources does not exceed 
regeneration rates of the resource stocks’ or ‘Emissions caused by electric power infra-
structure lie within the boundaries of emission sink capacities’ are exemplary rules re-
flecting specific notions of an interpretation of SD while still relating to the electric pow-
er system. Such rules may then serve as a basis for systematically determining general 
goals for criteria. Applying such a multi-step procedure enables the authors of sustain-
ability assessments to assess whether a key system meets the objective by evaluating 
system data against the general goals of criteria. 
 
Such an endeavour ensures that the system under review can be evaluated against the 
overarching normative objectives of SD and creates transparency that may facilitate a 
scientific discussion on the interpretation of the normative features of SD. Furthermore, 
it may stimulate a discussion on appropriate methodologies to be used to formulate 
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more specific goals. Against this backdrop, I will strive to formulate a set of objective 
dimensions and steering and instrumental rules that constitute the key cornerstones of 
the previously introduced interpretation of SD. Moreover, I shall then strive to formulate 
general goals for criteria for the sustainability assessments of electric power systems. 
Accordingly, I seek to answer to following question in this section: Which approach 
serves the process of formulating steering rules, instrumental rules and general goals 
for criteria based on an interpretation of SD and reflexive transformation governance? 
 
In order to formulate objective dimensions, steering rules, instrumental rules and gen-
eral goals for criteria, I shall draw on a multi-step procedure. In order for this approach 
to serve my purpose, a special condition has to be met: the procedure has to consider 
both the normative objectives of SD and the functional aspects of electricity systems. 
 
Conceptual deductions are today frequently applied to translate abstract requirements 
into more tangible targets. The integrative framework for sustainable development 
(IFSD) is an exemplary approach that involves relying on conceptual deductions with 
reasoning and was specifically developed to provide guidance on the process of trans-
lating the normative requirements of SD into a set of more specific rules. It consists of a 
number of structural features that may prove useful for my endeavour (Kopfmüller et al. 
2001). Accordingly, I shall proceed by presenting this approach in more detail and shall 
thereby strongly follow the arguments of the authors of the IFSD. I will then proceed by 
arguing why I choose to reuse the structural elements of the IFSD approach for my en-
deavour. I shall present and discuss exemplary formulated objective dimensions, steer-
ing rules, instrumental rules and general goals for criteria for sustainability assess-
ments of power systems in chapters 10 and 11. A discussion on the strengths and lim-
its of the applied methodology will take place in chapter 12 where I shall reflect on my 
contribution in relation to the research sample reviewed in chapter 4. 
 
The IFSD is a conceptual scheme that can be used to facilitate the process of translat-
ing objectives or rules or based on the guiding principles SD for complex human-nature 
systems (Kopfmüller et al. 2001). It has previously been applied in the context of sus-
tainability assessments of electric power systems (Grunwald & Rösch 2011). According 
to the authors of the IFSD approach, in order for guiding principles to serve as a basis 
for operationalising the transformation of a complex coupled human-environment sys-
tem, three preconditions have to be met. Firstly, the subject of the assessment has to 
be defined. In my particular case, the subject is the electric power system. Secondly, a 
clear definition of SD has to be provided. For this precondition, I shall refer to the en-
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riched interpretation of SD presented in section 7.5. Thirdly, it must be possible to op-
erationalise the guiding principles in question. Without going into a detailed discussion 
on whether the operationalisation of SD is feasible or not, I shall follow the authors of 
the IFSD approach, who assume that the operationalisation of SD is possible. 
 
The authors of the IFSD approach point out that their methodology presents a well-
founded scheme to support the process of operationalising SD (Kopfmüller et al. 2006). 
The IFSD approach is not structured according to the three pillars approach, but it is 
based on what is defined by the authors as the three normative constitutive elements of 
SD: 
 
i) Intra- and intergenerational justice. The level of well-being achieved by 
current generations should also be preserved for future generations. 
 
ii) Global orientation. Collective action among various actors is required be-
yond political borders towards a common goal to overcome today’s complex 
sustainability challenges. 
 
iii) Anthropocentric approach. Current generations bear a moral responsibil-
ity to preserve the ecological capital for future generations. 
 
Following the IFSD approach, the next step in the process to operationalise SD con-
sists of translating the constitutive elements into generic normative objectives. Accord-
ing to the authors of the IFSD approach, three objectives exist: 
 
i) Securing the existence of the human race. The first objective aims to 
prevent the extinction of the human race. It is considered a prerequisite for 
any justice aspirations by the authors of this approach. 
 
ii) Upholding society’s productive potential. The second objective seeks to 
prevent an erosion of the societal production and transformation potential to 
ensure that future generations will still be able to live humane lives. 
 
iii) Keeping options for development and action open. The third objective 
strives to maintain opportunity spaces so that future generations are not de-
prived of the options that today’s generations are able to exercise. 
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Following this approach, the above objectives are translated in the next step into a set 
of rules reflecting the minimum necessary conditions to be met (Kopfmüller et al. 2001). 
Here, the IFSD approach distinguishes between substantial sustainability principles 
and instrumental sustainability principles. The substantial sustainability principles are 
directed to the question: What should be sustained? I shall continue by first elaborating 
on the translation of objectives into substantial sustainability principles. The process of 
reasonably deducing these rules is partly based on the framework of the planetary trust 
theory by Brown-Weiss (9189). Table 5 displays the three objectives and fifteen sub-
stantial rules of sustainability as contained in the IFSD approach: 
 
Securing the existence of 
the human race 
Upholding society’s pro-
duction potential 
Preserving options for de-
velopment and actions 
Protection of human health 
Sustainable use of renewable re-
sources 
Equal access to education, in-
formation and an occupation 
Securing the satisfaction of basic 
needs 
Sustainable use of non-
renewable resources 
Participation in societal decision-
making processes 
Autonomous self-support 
Sustainable use of the environ-
ment as a sink 
Conservation of the cultural herit-
age and of cultural diversity 
Just distribution of natural re-
sources 
Avoidance of unacceptable risks 
Conservation of nature’s cultural 
functions 
Compensation for extreme differ-
ences in income and wealth 
Sustainable development of real, 
human and knowledge capital 
Conservation of social resources 
Table 5: Normative objectives and substantial rules of sustainability 
 (Own elaboration based on Kopfmüller et al. 2001) 
 
At the same time, the IFSD approach also contains a set of instrumental principles. 
However, these rules are directed at the question: How should this be sustained? This 
part addresses aspects of governance and system transition. The IFSD approach 
comes with ten instrumental principles, which describe how the substantial sustainabil-
ity principles can be implemented. The instrumental principles are listed in Table 6: 
 
Instrumental rules of sustainable development  
Internalisation of external social and environmental costs. 
Adequate discounting. 
Restrictions on debt. 
Fair international economic relations. 
Encouragement of international cooperation. 
Society’s ability to respond. 
Society’s reflexivity. 
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Self-management. 
Self-organisation. 
Balance of power. 
Table 6: Instrumental principles of sustainability 
 (Own elaboration based on Kopfmüller et al. 2001) 
 
The IFSD approach does not, however, resolve conflicts. Each rule can only be satis-
fied in accordance with limits set by other rules. This conceptual scheme foresees that 
for each rule a core scope, where no weighting factors are applied, and peripheral 
scope, where weightings are used to partly resolve conflicts, are defined. The IFSD 
approach reveals conflicts in a structured way rather than seeking to resolve them. 
Hence, applying to the IFSD approach will not automatically result in single best solu-
tions. Instead it supports decision making by resolving conflicts through negotiation and 
deliberation (Grunwald & Rösch 2011). 
 
At this point, I shall go back to the task originally specified for this section: to choose 
and argue for an approach that facilitates the process of translating the objectives of 
SD into general goals for criteria for the sustainability assessments of electric power 
systems by applying a conceptual scheme. Since I am primarily looking for structural 
features that facilitate the translation of the guiding principles into goals, I intend to only 
reuse the structural features of the IFSD approach. 
 
The strengths of the structural features of the IFSD lie in its multi-layer approach and 
the systematic procedural steps. As such, I deem its structural features to form a sound 
conceptual scheme that enables the formulation of more tangible goals for criteria in 
sustainability assessments. However, the reuse of the constitutive elements, objec-
tives, substantial rules and instrumental rules seems inappropriate for my endeavour. 
The IFSD approach was originally developed in 2001 and the three normative constitu-
tive elements no longer reflect the current state of the scientific debate on SD; one of 
the rules strives to meet basic needs. As elaborated in section 7.5, fulfilling basic needs 
may no longer be appropriate and a more encompassing definition of well-being is 
promoted by the scientific research community. A careful review of published infor-
mation did not yield insights on how objectives, substantial rules and instrumental rules 
are derived from the guiding principles of SD. Therefore, for the time being it is unclear, 
for example, exactly how the five rules related to the objective ‘securing the existence 
of the human race’ are derived and how they contribute to the corresponding objective. 
Nonetheless, I argue that the structural features and procedure of this conceptual 
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scheme can be expected to prove valuable in my endeavour to systematically formu-
late steering rules, instrumental rules and general goals for criteria in sustainability as-
sessments of electric power systems. Accordingly, to fully benefit from this scheme, I 
shall reuse its structural features and multi-step procedure, but I shall further augment 
the framework to better cater to the needs of my endeavour: 
 
i) Normative foundation. The integrative framework bases its objectives and 
rules on the interpretation of the Brundtland Report, which no longer reflects 
the current scientific debate. Accordingly, I shall rely to the definition provid-
ed in section 7.5. I shall call this structural element the normative founda-
tion, which is in line with the term used in chapters 5 and 6. 
 
ii) Objective dimensions, steering rules and instrumental rules. While I in-
tend to reuse the same structural features used by the IFSD approach, con-
sisting of objectives and rules, I am hesitant to apply the same substantial 
and instrumental rules due to above reason. Furthermore, I shall produce 
and argue for a new set of rules geared specifically to electric power sys-
tems. This is necessary because I intend to go a step further and provide 
general goals for criteria in sustainability assessments for electric power 
systems. Consequently, since I plan to derive a more detailed set of goals, I 
expect to have to produce a set of rules that is directed at specific sustaina-
bility challenges faced today by that system. This is in contrast to the origi-
nal goal of the developers of the IFSD approach: they strived to develop a 
system-unspecific scheme (Kopfmüller et al. 2011). I shall first design rather 
abstract objective dimensions that cover the essential normative parts of 
SD. Based on these objective dimensions I shall define more specific rules. 
I shall here distinguish between steering rules, related to the question What 
should be sustained? and instrumental rules, directed at the question How 
should this be sustained? 
 
iii) General goals. While the IFSD was developed to formulate objectives and 
rules based on the normative requirements of SD, I require an additional 
step to define goals for criteria in sustainability assessments of electricity 
systems, as already mentioned above. In order to provide a basis for goal-
oriented decision making, sustainability assessments also have to exhibit 
more specific goals. Hence, I intend to go one step further with the present-
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ed schematic framework by also formulating general goals for criteria in sus-
tainability assessments. 
 
In this section, I explored the theoretical background related to the translation of objec-
tive dimensions, steering rules, instrumental rules and general goals from the guiding 
principles of SD to provide goals for criteria in sustainability assessments. I expect this 
endeavour to enable me to answer both questions: What should be sustained? and: 
How should this be sustained? 
 
I shall proceed with providing my first deliverable specific to sustainability assessments 
of electric power systems: a holistic depiction of electricity systems that encompasses 
the relevant system components including enabling and constraining factors.  
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8 System representation 
In this chapter I shall provide a holistic system representation that encompasses the 
functional constitutive elements of electric power systems by applying the approach of 
coupled human-environment or socio-ecological system analysis (SES). I shall argue 
for a classification of the system into three distinct dimensions and point out certain 
components that serve the essential purpose of upholding the system functionality. 
 
Furthermore, I shall present three conceptual cases to demonstrate the relevance of 
considering the functional constitutive elements of power systems, including their ena-
bling and constraining factors in sustainability assessments. Accordingly, I shall pro-
ceed with the identification of the relevant system components of power systems. 
 
8.1 Functional constitutive components 
Considering both societal steering processes and biophysical flows is one of the hall-
marks of socio-ecological system analysis. This approach structures representations of 
complex human-environment systems into three distinct dimensions to identify relevant 
system components: a social layer that is home to actors of the system, a technical 
layer that contains artefacts which are based on natural resources and are constructed 
by actors in the social layer to serve human purposes and, lastly, an environmental 
layer that encompasses resource stocks and emissions sinks. Accordingly, based on 
the categorical settings of the theoretical framework discussed, electric power systems 
can be represented by using the following three categorical elements (Sieferle 1997; 
Fischer-Kowalski & Erb 2006): 
 
i) Social layer. This dimension comprises social actors and their actions in 
regard to societal steering including negotiation and deliberation. 
 
ii) Technical layer. This dimension contains power infrastructure components 
and electrical devices that alter natural energy and material flows to improve 
living conditions and thereby cause pollution. 
 
iii) Ecological layer. This dimension encompasses energy and material flows 
that provide natural living conditions. 
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I shall apply these categories to describe the general features of electric power sys-
tems. Such a representation aims to reveal not only the relevant features within each 
layer, but also the relevant interactions between the layers. 
 
While the functional core of electric power systems is located in the technical layer, the 
ecological layer supplies the biophysical basis for the realisation of power infrastructure 
and electrical devices. The ecological layer can be further structured into categories of 
enabling and constraining factors. Firstly, the environment provides basic living condi-
tions, such as the provision of food and adequate temperature (Cain, Bowman & Hack-
er 2013). Secondly, energy flows serve as a basis for power infrastructure components 
and electrical devices to enhance living conditions (Sassoon et al. 2009). The availabil-
ity of energy fluxes and carriers determines the potential of electric power systems to 
improve living conditions. Thirdly, material flows provide resources to construct and 
operate the technical components of electric power systems (Raj, Ghandehariun, Ku-
mar & Linwei 2016; Şengül, Bayrak, Aydınalp Köksal & Ünver 2016). 
 
The natural occurrence of energy fluxes and carriers determines opportunity spaces 
and limits for the technical design and extent of the system functionality: wind velocity 
and solar irradiation determine the potential of wind and solar power generation (Li et 
al. 2016; Polo 2015). Altering material flows by erecting and operating power infrastruc-
ture as well as manufacturing electrical devices, however, is known to cause a wide 
range of pollution to the atmosphere, water and soil (Atilgan & Azapagic 2015; Brizmo-
hun, Ramjeawon & Azapagic 2015; Duncan et al. 2013; Fearnside 2016; Hirschberg et 
al. 2005; Raugeri & Leccisi 2016; Schenler, Hirschberg, Burgherr, Makowski & Granat 
2009; Sheldon, Hadian & Zik 2015). The limited resilience of ecosystems in withstand-
ing pollution and continuing to deliver ecosystem services is thus an important factor to 
consider (Bölter & Müller 2016; Hooper, Beaumont & Hattam 2017; Matthews 2016). 
Excessive pollution can lead to the environment no longer being able to break down 
such emissions, resulting in degradation of the environment and consequently living 
conditions (Chen, Shao, Tian, Xie & Yin 2017). Against this backdrop, it becomes obvi-
ous that ecological factors can have a deciding effect on options for realising the tech-
nical components of electricity systems. Accordingly, I argue that sustainability as-
sessments of electric power systems have to consider those elements that have a cru-
cial role to play in energy and material flows: 
 
i) The sun and moon. The sun emits light and heat, thus generating solar 
energy fluxes that serve as a key source of life on planet Earth. Moreover, 
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the moon and the Earth’s rotation cause the tides in large bodies of water. 
Both solar radiation and tidal waves can serve as sources for electricity 
generation (Olindo, Jäger, Smets, Van Swaaij & Zeman 2016; Alcorn & 
O’Sullivan 2013). 
 
ii) The atmosphere. The atmosphere of planet Earth regulates temperature, 
creates wind currents and causes precipitation. The resulting kinetic energy 
fluxes are another source of electricity generation (Singh, Chelliah & 
Agarwal 2014; Tong 2010). 
 
iii) Ecosystems. The energy carriers and renewable resources produced by 
ecosystems are required to build and operate power infrastructure. Fur-
thermore, ecosystems exhibit some level of resilience with regard to pollu-
tion and absorb pollutant emissions (Bölter & Müller 2016 or Hooper, 
Beaumont & Hattam 2017). 
 
iv) Earth’s crust and core. Our planet produces fossil, mineral and geother-
mal energy sources and provides metals and minerals, all of which are to-
day essential ingredients for power infrastructure and electrical devices and 
are likely to play key roles in the future (Bauer et al. 2016; Purkus & Barth 
2011). 
 
The purpose of electric power systems is to transform energy and material flows into 
electricity which then powers electrical devices that provide energy services to enhance 
living conditions. The system functionality is embedded in the components24 of the 
technical layer and supports four value creation, or transformation, stages: Firstly, en-
ergy carriers are extracted,25 such as coal and uranium, or accrued, such as plants for 
biomass power and water for hydroelectric power (Burchart-Korol, Fugiel, Czaplicka-
Kolarz & Turek 2016; Mukherjee & Sovacool 2014; Woods 2016). Second, energy flux-
es and carriers are converted into electricity in power plants (Grigsby 2012). Third, 
electricity is distributed from power stations to users’ electrical devices (Gonen 2014). 
Fourth, electricity is consumed in electric appliances to power energy services and 
thereby improve living conditions (Kavousian, Rajagopal & Fischer 2013; McLoughlin, 
Duffy & Conlon 2012). Since a provision of energy services requires today all four 
                                               
24
 Both the technical power infrastructure and electrical devices resemble artefacts of electric 
power systems that are used to serve human purposes. 
25
 In case of renewable energy fluxes, such as solar radiation or wind, power plants are built 
at suitable locations. Accordingly, in such cases this transformation stage is not needed. 
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transformation stages, I argue that sustainability assessments of electric power sys-
tems need to consider those artefacts in which the functionality is embedded. Against 
this backdrop, I argue that sustainability assessments have to encompass the four 
stages of value creation: 
 
i) Mines, wells, fields and hydro dams. Facilities are established to extract 
fossil, mineral or renewable energy carriers (Burchart-Korol, Fugiel, 
Czaplicka-Kolarz & Turek 2016; Mukherjee & Sovacool 2014; Woods 2016). 
 
ii) Power plants. Electric power stations are erected and operated to convert 
energy fluxes and carriers into electricity (Grigsby 2012). 
 
iii) Power grids. Electricity grids are built and operated to distribute electricity 
from power stations to consumers’ electrical devices (Gonen 2014). 
 
iv) Electrical devices. Appliances are used to enable a wide range of energy 
services, including lighting, heating, cooling, cooking, cleaning, obtaining in-
formation, enabling communication, entertainment and recreation, fuelling 
means of transportation and automation of processes (Baker & Rylatt 2008; 
Bartiaux & Gram-Hanssen 2005; Bedir, Hasselaar & Itard 2013; Kavousian, 
Rajagopal & Fischer 2013; Kipping & Trømborg 2015; McLoughlin, Duffy & 
Conlon 2012; Parker 2003; Sanquist, Orr, Shui & Bittner 2012; Van 
Heddeghem et al. 2014; Xydas et al. 2016). 
 
The technical components of electric power systems are determined by the decisions 
and actions of actors in the social layer.26 Here, actors negotiate and deliberate on 
what living conditions are to be improved and which technologies should be deployed 
to do so. This involves an iterative interaction process of collective action where deci-
sions are made to promote or discard specific technical options. Firstly, actors with vital 
knowledge of the system exchange knowledge on energy and material flows, technical 
options for ways in which the ecological capital can be altered to serve human purpos-
es, potential repercussions from the environment on human populations, such as glob-
al warming, as well as to frame conditions to promote or abandon specific options (Van 
de Kerkhof & Wieczorek 2005). Secondly, goals are defined and existing frame condi-
tions are adjusted to reach these objectives (Amer & Daim 2010; Nevens & Roorda 
                                               
26
 As mentioned is section 7.6, I shall describe the social layer according to reflexive govern-
ance of change. 
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2014). Thirdly, in certain types of market environment, ranging from monopolistic struc-
tures to fully competitive markets, power stations and grids are constructed and oper-
ated to ensure the delivery of electricity to customers (Stoft 2002). Fourthly, these pro-
cesses are in some way reflected, discussed and influenced publicly by organised insti-
tutional actors in civil society, such as environmental agencies, sectoral associations 
and grassroots movements (Dryzek & Pickering 2017; Kong, Salzmann, Steger & Io-
nescu-Somers 2002). Against this backdrop, I argue that sustainability assessments of 
electric power systems have to cover those actors and their actions that actively con-
tribute to the realisation of the technical components of electricity systems, as their de-
cisions and actions drive the implementation of the technical system functionality: 
 
i) Researchers. Scholars analyse energy and material flows, study develop-
ment options, assess the effects of frame conditions on technologies and 
conduct research on repercussions from the environment (Bilotta, Milner & 
Boyd 2014). 
 
ii) Policy makers and administrations. Parliaments and government agen-
cies define goals and set frame conditions by deploying policy instruments 
and providing organisational set-ups (Dean 2010; McKee 2009). 
 
iii) Market actors. Suppliers and manufacturers develop business models 
based on frame conditions. Manufacturers produce electrical devices and 
components of power infrastructure. Suppliers operate power infrastructure 
and supply consumers with electricity. Market actors determine the technical 
design of the power infrastructure and the use of electrical devices through 
demand and supply in some form of electricity market (Govindan, Seuring, 
Zhu & Farrido Azevedo 2016). 
 
iv) Civil society. This includes organised institutional actors, such as environ-
mental agencies, sectoral unions or the media, that monitor system devel-
opments. They are exposed to the accidents and illnesses that stem from 
the power infrastructure or electrical devices. Based on the interests of their 
supporters, environmental agencies and sectoral unions seek to influence 
goals and sometimes launch their own initiatives (Eichbaum 1993). 
 
The proposed structure of the holistic system representation is still sufficiently generic 
to be applied to different contexts, such as different geographical regions or jurisdic-
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tions. While this depiction covers the relevant components of electricity systems, critical 
interfaces with other key systems can also play a pivotal role. Such interfaces are typi-
cally established in any of these layers. A review of the scientific literature reveals that 
a number of interdependencies among electric power systems and other key systems 
are deemed to be very important: 
 
i) Regional planning. This strategic planning process, carried out by gov-
ernment institutions, determines the land areas available for key infrastruc-
ture. Declaring areas of special interest, such as in the case of national 
parks, can reduce the potential, or impose additional requirements such as 
concessions, to tap into a country’s national resources. Moreover, participa-
tory processes may be required to obtain permission from local communities 
(Brandoni & Polonara 2012). 
 
ii) Building construction regulations. Such rules may impose additional re-
quirements for distributed power generation technologies: standards may 
ease grid accessibility, grant priority for feed-in or impose conditions that 
safeguard architectural aesthetics. Thus, these laws may have a deciding 
effect on costs or enabling synergies, for example on net metering (Anaya & 
Pollitt 2015). 
 
iii) Water supply systems. Clean freshwater is made available for citizens by 
water treatment facilities. Electricity systems can, like agriculture, cause pol-
lution in rivers and lakes. Moreover, thermal power generation technologies 
require large quantities of water for cooling purposes and raise water tem-
perature. Accordingly, the interdependencies between these two key sys-
tems are often monitored and regulated (Ackerman & Fischer 2013). 
 
iv) Transportation and heating systems. Today, most industrialised countries 
rely to a large extent on fossil fuels. Should the electrification of transporta-
tion and heating systems be achieved, electric power consumption can be 
expected to surge. Accordingly, interdependencies among electricity, trans-
portation and heating systems and corresponding trends are very important 
(Mathiesen, Duić, Stadler, Rizzo & Guzović 2012). 
 
Incorporating the interdependencies among electricity and the above-mentioned sys-
tems and processes in a holistic system representation is a highly complex task. Since 
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such an endeavour is beyond the scope of my thesis, I merely touch on these interfac-
es here. Figure 13 depicts the proposed three-layered representation of electric power 
systems, which encompasses the functional constitutive elements, including enabling 
and constraining factors. The social layer is shown on the top and contains the four 
identified main actors including their key actions. The technical layer, home to the four 
stages of value creation, is shown in the middle and includes relevant processes. At 
the bottom of the figure, the environment is shown together with the relevant stages of 
energy and material flows. 
 
 
Figure 13: Holistic representation of electric power systems 
 (Own elaboration) 
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While the holistic representation of electric power systems comprises their constitutive 
functional elements together with their interfaces with the social and ecological envi-
ronment, it does not yet adequately reflect the dynamic interactions within the layers or 
those that cut across the boundaries of the layers. A depiction of these aspects is a 
prerequisite for systematically deducing the criteria for sustainability assessments of 
electric power systems. A more detailed analysis of the three layers will be presented 
in chapter 9, when I shall examine the relevant aspects of the system in more detail. 
 
Furthermore, in chapter 11, I will explore actor interactions and the requirements they 
impose on the ability to steer the transformations of such a complex system. However, 
my work on the subject of system representation is not yet complete here and I shall 
proceed by presenting three conceptual cases that further support the relevance of as-
suming a holistic perspective in sustainability assessments of electric power systems. 
 
8.2 Case 1: Centralised and distributed power generation 
Research and development during the past decade has led to the discovery of new dis-
tributed power generation technologies, such as solar PV systems (Olindo, Jäger, 
Smets, van Swaaji & Zeman 2016). However, understanding the unique benefits of dis-
tributed power generation requires new approaches for calculating electricity costs and 
resource consumption. 
 
Today, a relatively small number of large conventional power plants with high capaci-
ties feed electric power into the electricity grids in most industrialised countries.27 This 
set-up is efficient wherever large quantities of energy carriers naturally occur, such as 
vast deposits of coal or natural gas (Gurgul & Lach 2011). In such cases, large power 
plants benefit from low generation costs due to economies of scale (Hisnanick & Kymn 
1999). In distributed power generation, however, small solar PV systems provide elec-
tric power on-site, which offers cost benefits for customers through net metering (Eid, 
Guillén, Frías Marín & Hakvoort 2014). Here, economies of scale are achieved through 
mass manufacturing and various synergies in installation (Nemet & Husmann 2012). 
Today, however, distributed power generation sometimes exhibits higher electricity 
costs compared to power drawn from grids. This can be attributed to, among other 
things, lower levels of technical efficiency and grid designs geared to cater to the needs 
of centralised power generation (Niemi & Lund 2010).  
                                               
27
 Such a design of the technical power infrastructure is often referred to as centralised pow-
er generation. 
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However, distributed power generation bears two new value propositions: Firstly, close 
proximity to consumption can render some investments in power grids obsolete, espe-
cially in countries with small fragmented communities (Levin & Thomas 2012). In such 
cases, the costs of electricity and the attendant resource use may be lower compared 
to traditional power infrastructure designs in industrialised countries (Hammons 2008). 
Secondly, distributed power generation is installed on sites where the consumption oc-
curs. In the case of solar PV systems, on-site installations of photovoltaic modules can 
lead to zero energy buildings and cost synergies, as materials for the construction of 
buildings such as roof tiles may not be needed, and some installation work only has to 
be carried out once (Shukla, Sudhakar & Baredar 2016). 
 
For existing power suppliers that rely on proven power generation technologies, how-
ever, distributed power generation may be perceived as an unattractive investment op-
portunity or even as a risk for the existing business model: 
 
i) Lower economic efficiency. Today, power suppliers use a portfolio ap-
proach where the generation loads of their power plants are optimised ac-
cording to wholesale market prices. Every investment in distributed genera-
tion may potentially reduce the returns of their existing portfolio, resulting in 
sunk costs for previous investments (Dillig, Jung & Karl 2016). 
 
ii) Missing strategic fit. Power suppliers’ existing business model is based on 
operating an asset portfolio and they might find it difficult to reap the full 
benefits of diversifying into new markets, such as manufacturing or installing 
solar PV systems on private property (Brewer 1989). 
 
iii) Conflicts with economics of power grids. The deployment of distributed 
power generation alters the demands made on power grids and may require 
investment in other technical components, such as transformers (Del Rio & 
Unruh 2007). This may complicate the grid planning process. 
 
Against this backdrop, monopolists may lack incentives to promote decentralised pow-
er generation technologies so long as new market entries are not possible. According-
ly, some scholars advocate changes in energy policy to promote the deployment of de-
centralised power generation technologies (Wolfe 2008). 
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Sustainability assessments that focus on an evaluation of power generation technolo-
gies without differentiating between centralised and distributed power generation are 
likely to ignore the two new distinct value propositions that distributed power generation 
technologies have to offer. Consequently, their technological analysis will yield incor-
rect data on electricity costs and resource use, thus penalising distributed power gen-
eration technologies and potentially erroneously informing decision makers. 
 
Figure 14 compares the design of centralised power generation with distributed power 
generation. On the left-hand side a monopolistic market environment is shown where 
power suppliers are in full control of the decision on what technologies to deploy. In 
contrast, the right-hand side of the illustration shows a competitive market environment 
where power grids are fed with electricity from a variety of power plant owners. In this 
case, grid operators need to respond to the excess electricity produced by distributed 
generation. 
 
 
Figure 14: Centralised versus distributed power generation 
 (Own elaboration) 
 
This conceptual case supports previous arguments in favour of a holistic representation 
as a basis for sustainability assessments of electric power systems. It emphasises that 
system components should not be assessed on an individual basis: 
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i) Need for a differentiated approach for technologeis. Sustainability as-
sessments that do not distinguish between applications of technologies as 
part of centralised or distributed power generation may only partly be able to 
identify the strengths and weaknesses of the applied technologies. The val-
ue proposition offered by a solar PV system, for example, is different de-
pending on whether it is part of a centralised power generation design or 
deployed as a distributed generation technology. 
 
ii) Interdependency among technical components. Distributed power gen-
eration, such as solar PV systems, may reduce costs and resource re-
quirements of power grids. Hence, the overall performance of power grid 
components needs to be assessed in accordance with the power generation 
technologies in use. 
 
iii) Interdependency among the components of different layers. Frame 
conditions imposed by policy makers may promote or hinder the implemen-
tation of distributed power generation technologies, as existing power sup-
pliers may lack incentives to reinvent their business model. Accordingly, so-
cietal steering processes should determine the technologies to be deployed. 
 
8.3 Case 2: Supply and demand management 
A transition to electric power systems largely based on renewable energy, for example 
to meet climate change targets, is likely to require greater contributions of wind and so-
lar PV power (Pleßmann & Blechinger 2017). The impact of such a transition, however, 
is expected to be greater than a mere replacement of power generation technologies 
due to the properties of erratic energy fluxes which result in significantly higher volatility 
in power generation loads (Bussar et al. 2016). 
 
While energy carriers can be stored and spent whenever needed, the natural occur-
rence of energy fluxes is more stochastic and forecasting methods are only partly accu-
rate (Prema & Rao 2015). Traditionally, electricity systems in industrialised countries 
relied on power plant technologies that are fuelled by energy carriers. In such cases, 
the concept of supply management was applied: power plants are operated according 
to electricity demand. Whenever demand rises, additional energy carriers are spent to 
increase power generation (Stoft 2002). Since power generation loads are predictable, 
the power grid can be built according to generation capacity, resulting in an efficient 
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use of power grids (Singh, Willi, Chokani & Abhari 2014). This mode of operation is 
convenient for consumers, as there are no restrictions on electricity consumption. 
 
However, whenever a power generation mix is based mainly on renewable energy 
fluxes, new improved information and communications technologies enabling active 
power flow management and energy storage may be required (Jenkins, Long & Wu 
2015).28 Implementing demand-side management, however, is likely to bring about sig-
nificant changes for consumers,29 as electrical devices are operated in accordance with 
electricity generation (Strbac 2008). Accordingly, the system operator may have to re-
sort to lowering electricity consumption whenever production falters as a result of, for 
example, changing weather patterns (Moura & De Almeida 2010). In such cases, owing 
to the erratic nature of energy fluxes, power grids may have to exhibit higher reserve 
margins to be able to cope with more substantial shifts in electricity generation (Torriti, 
Hassan & Leach 2010). This may require additional storage and back-up capacity or 
further investment in other power grid components (Oberschmidt, Klobasa & Genoese 
2013). However, such investments may increase the costs or resource requirements of 
power grids (Jülch 2016). Accordingly, isolated assessments of wind farms, for exam-
ple, can be expected to only partly attribute adverse effects of erratic wind-based pow-
er generation on resource requirements or the costs of power grids (Georgilakis 2008). 
Moreover, demand-side management imposes restrictions on the use of some electri-
cal devices and therefore often faces barriers in implementation (Laicane, Blumberga, 
Blumberga & Rosa 2015). Nonetheless, the concept of demand-side management is 
today being selectively applied by large industrial consumers in exchange for financial 
incentives (Lindberg, Zahedian, Solgi & Lindkvist 2014). 
 
Against this backdrop, some scholars expect a transition from supply management-
based electricity systems to ones with substantial shares of demand-side management 
to require changes in policy (Luickx, Delarue & D’haeseleer 2010). While the merit or-
der of power plants in supply management is traditionally determined by the system 
operator according to economic criteria (Stoft 2002), demand-side management is 
thought to need to be based on a broader range of criteria. Accordingly, policy makers 
may have to define procedures, data security standards and priority orders for shutting 
                                               
28
 Owing to the physical properties of electricity, supply and demand have to match to main-
tain stable power grid frequencies and prevent blackouts. Storage systems, which are be-
coming more competitive, can help balance demand and supply (Jülch 2016). 
29
 Demand-side management imposes fewer restrictions on consumers if an energy storage 
or electric vehicle is part of the system (Khoury, Mbayed, Salloum & Monmasson 2016; 
Mesarić & Krajcar 2015). 
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down electrical devices (Didden & D’haeseleer 2003). Such a framework may be re-
quired to prevent that essential energy services are denied to low income consumers 
with constrained budgets. 
 
Against this backdrop, I argue that sustainability assessments that focus exclusively on 
the technical components of the electric power systems may overlook other effects on 
consumers’ opportunities to obtain energy services. An imprudent implementation of 
technologies like demand-side management could potentially severely impede low-
income households in their struggle to achieve well-being. While a largely renewable 
energy system certainly improves the ecological sustainability of power systems, if 
some actors are no longer able to meet rather basic needs it would be questionable 
whether such an electric power system supply is consistent with the principles of SD. 
 
Figure 15 compares the technical options for altering energy flows in supply-side man-
agement with those available in demand-side management. On the left-hand side, the 
traditional approach is shown, where power suppliers adjust power generation accord-
ing to consumption loads. On the right-hand side, a demand management-oriented de-
sign is shown, where system operators operate consumers’ electrical devices. The up-
per part of the illustration suggests that evaluation criteria are likely to have to be more 
holistic whenever demand-side management is applied. 
 
 
Figure 15: Supply versus demand-side management 
 (Own elaboration)  
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This second case further reinforces previous arguments in favour of considering all 
stages of value creation in sustainability assessments of electric power systems. More-
over, it highlights once more the relevance of covering aspects related to governance: 
 
i) Interdependency among technical components. An exploration of ener-
gy fluxes or carriers determines resource use and the costs of both power 
generation and power grid technologies. 
 
ii) Interdependency among the components of different layers. Today, the 
merit order of power plants is determined according to price signals ob-
tained from wholesale electricity markets. However, this market design may 
no longer be fully appropriate when, for the process of matching supply and 
demand, when electrical devices are operated instead. Thoughtless imple-
mentations of demand-side management could potentially result in some 
consumers being unable to meet essential needs. Hence, sustainability as-
sessments that exclude actors and their actions may not be in a position to 
evaluate whether the normative requirements of SD are fully met. 
 
8.4 Case 3: Monopoly and competitive markets 
During the past decade, research and development has led to the discovery of new re-
newable energy and smart grid technologies (Jülch 2016; Olindo, Jäger, Smets, Van 
Swaaij & Zeman 2016; Strbac 2008). Some of these technologies are a departure from 
the responsibilities assumed by existing suppliers in monopolies. Accordingly, some 
scholars argue that in order to fully benefit from the value proposition of new technolo-
gies, electricity markets may have to be liberalised to grant market access to the manu-
facturers and suppliers of new solutions (Jamasb & Pollitt 2011; Taniguchi 2013). 
 
Historically, the operators of power infrastructure components were state-owned and 
their asset portfolio comprised a number of power plant assets with a fixed customer 
base. Against this backdrop, recent research studies suggest that regulatory barriers 
may exist for incumbents to explore new development paths (Vallés, Reneses, Cossent 
& Frías 2016). They argue that power suppliers may potentially neglect to utilise the 
opportunities offered by distributed power generation or energy efficiency (Pollitt 2012). 
Moreover, the deployment of new technologies is further hampered by the market dom-
inance of incumbents and to a lesser degree by the financial constraints of power sup-
pliers (Costa-Campi, Duch-Brown & García-Quevedo 2014). Furthermore, scientific ev-
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idence suggests that consumers’ limited knowledge of technologies and their benefits 
slows down the diffusion of new technologies (Sovacool 2009). Against this backdrop, 
some researchers conclude that changes in policies might be required to enable and 
accelerate market penetration of new distributed generation power, smart grid and en-
ergy efficiency technologies. 
 
More specifically, in order to exploit the potential of such new technologies, some re-
searchers perceive breaking existing power supply monopolies for new market actors 
to be necessary (Szabó & Jäger-Waldau 2008). While this view is controversial, it is the 
current approach of the European Union (Green 2006). However, in order for policy 
makers to retain influence over the development of electricity generation mixes and re-
duce societal risks in free market environments, market liberalisation is thought to have 
to be complemented by a set of policy instruments that steer the development of elec-
tric power infrastructures (Lund 2009; Ringel 2003). Furthermore, resource constrained 
environments are increasingly calling for measures to conserve electric power. Similar-
ly, in order to influence power consumption patterns, a set of distinct policy instruments 
may be required to promote efficient or penalise wasteful electrical devices and con-
sumption behaviours. Prominent examples of such measures are standards, infor-
mation campaigns and the banning of wasteful technologies (Weil, Egan & Delta Cava 
2006). Against this backdrop, some researchers argue that a successful deployment of 
new technologies in electric power systems requires more than just market liberalisa-
tion: the latter may have to be accompanied by a comprehensive set of additional poli-
cies to not only increase market efficiency, but also promote a transition to more sus-
tainable electricity systems (Erdogdu 2013). 
 
Accordingly, I argue that sustainability assessments that neglect the instrumental as-
pects of SD are likely to lack indicators assessing whether the actors in a system are 
working on measures to meet transition trajectories. Assuming that sustainability as-
sessments are designed to direct development, then such a crucial omission is likely to 
impede the process of providing a basis for goal-oriented decision support. 
 
Figure 16 compares typical steering mechanisms of policy makers in regulatory mo-
nopolies with those perceived to be required to steer developments in competitive mar-
kets. The left-hand side of the diagram depicts the direct influence government institu-
tions may have in monopolies through the definition of corporate goals, as representa-
tives are positioned in key decision bodies. The right-hand side of the figure shows that 
in competitive markets development is more likely to be steered by means of a dedi-
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cated set of policy instruments that provide incentives for suppliers to alter their solu-
tions portfolio. Furthermore, in competitive markets, suppliers might be under more 
pressure to adapt the solutions they offer as competitors may steal profitable custom-
ers. 
 
 
Figure 16: Monopoly versus competitive market 
 (Own elaboration) 
 
The third case further emphasises the relevance of the instrumental notions of SD, 
namely, those features that are directed at operationalising system transitions to more 
sustainable states. This case thereby reinforces previous arguments by considering 
those features of governance in sustainability assessments as well. Furthermore, this 
case demonstrates the relevance of dynamic interactions between layers: policy in-
struments serve as enabling or constraining factors for new technologies. They can 
create opportunity spaces for new actors and put pressure on incumbents that do not 
actively contribute to the transformation of electric power systems according to prede-
fined sustainability objectives. 
 
8.5 Conclusions 
In this chapter, I framed a holistic definition for sustainability assessments that encom-
passes the functional constitutive elements of electric power systems including relevant 
enabling and constraining factors. Based on the theoretical foundation of socio-
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ecological system analysis, I propose an exemplary representation of electric power 
systems for sustainability assessments that incorporates actors in the social realm, the 
functionality of technical components, as well as the ecological capacity of the envi-
ronment. Moreover, I analysed crucial interdependencies within the system. 
 
The three conceptual case studies reinforce my arguments that isolated analyses of 
technical components, such as evaluations of comparative power generation technolo-
gy, yield potentially misleading data owing to the omission of other critical aspects of 
the system and the dynamic interactions. However, I claim neither that the current fo-
cus in assessment schemes on power generation technologies has not substantially 
contributed to understanding the impacts of different choices nor that all identified 
components have to be considered in a system representation. I am fully aware of limi-
tations in the number of components to be considered in system modelling as well as 
the constraints stemming from a lack of data. Nonetheless, if we are really striving for 
sustainability assessments that provide a more comprehensive basis for evidence-
based decision making on the long-term development of electric power systems, then I 
argue for a more holistic system scope to reduce the risk of omitting relevant aspects of 
the system. 
 
The analysis of the scope applied in today’s sustainability assessments of electric 
power systems in chapter 4 revealed that electric power systems are today frequently 
reduced to being just a part of the system, such as power generation technologies. My 
contribution, however, aims to widen the scope of sustainability assessments of electric 
power systems by proposing an approach that encompasses also other relevant sys-
tem components across all value creation or transformation stages, including enabling 
and constraining factors related to societal actors and ecological capacities. 
 
However, while an aggregated system representation is a compulsory ingredient for 
sustainability assessments, it requires a more detailed analysis of the system as a ba-
sis to determine criteria that measure the performance of system components. Fur-
thermore, additional normative features of the guiding principles of SD are required in 
order to evaluate extracted system data against goals reflecting the normative require-
ments of SD. This layout of as-yet missing basic features of sustainability assessments 
shows that I am still at an early stage of my thesis: I have not yet contributed to these 
tasks in this chapter as they represent conceptually distinct endeavours. 
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Accordingly, I shall proceed by providing the second power system-specific deliverable 
of this thesis: the systematic deduction of an exemplary set of criteria for electric power 
systems based on the holistic system representation produced in this chapter.  
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9 Criteria 
The goal of this chapter is to systematically derive criteria for sustainability assess-
ments of electric power systems based on the scope of the holistic system representa-
tion presented in chapter 8 and a detailed analysis of electricity systems. To accom-
plish this task, I shall draw on the theoretical background related to energy and material 
flow analysis for the biophysical aspects of the system. For the realm of social actors, I 
shall revert to theory on socio-ecological regimes. I shall thereby describe the essential 
stages of energy, material and information flows in electricity systems and systemati-
cally deduce criteria for sustainability assessments of electric power systems. 
 
I shall start my contribution on the subject of criteria for sustainability assessments of 
electric power systems by elaborating on why I shall gear the contribution of this chap-
ter to the output of the system: the guiding principles of SD strive to secure human de-
velopment without eroding the ecological capital (WCDE 1987). Against this backdrop, 
I argue that considering the output of the system in sustainability assessments is a 
necessary precondition for evaluating improvements in human well-being and enabling 
the manufacture of goods and services. In contrast, if I were to base criteria for sus-
tainability assessments on specific system components, such as power plants, I would 
no longer be able to draw conclusions on how changes in technologies affect the out-
put of the system under review. The replacement of coal-based power plants with hy-
droelectric power generation is likely to reduce global warming, but can also be ex-
pected to increase distortions in aquatic ecosystems. However, to what extent this sub-
stitution of power generation technology affects the provision of lighting in households, 
for example, remains unclear as the output of the electric power system is not consid-
ered within the scope of such a comparative technology assessment. Hence, by defin-
ing criteria related to energy services, I argue that I am in a better position to capture 
changes in human well-being or the provision of goods and services. 
 
Accordingly, I shall start the endeavour of this chapter by providing an overview of es-
sential outputs provided by electric power systems today, often referred to as energy 
services, including the corresponding electrical devices which are required to enable 
the output. My undertaking here will inevitably involve providing dedicated criteria for 
each energy service due to the wide range of outputs provided today by modern power 
infrastructure and electrical devices and the essential part they play. In subsequent 
sections, I shall define criteria for energy and material flows as well as societal steering 
processes to enable assessments of the environmental burden caused by the technical 
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components and how societal development is steered. I expect this list of criteria to 
pave the way for sustainability assessments to evaluate the delivery of energy services 
against energy consumption, resource requirements and societal steering aspects. 
 
9.1 Energy services 
As previously explained, electric power systems have two core functions: they improve 
human well-being and support the process of providing goods and services. According-
ly, I argued previously that sustainability assessments have to analyse the relevant 
stages of energy and material flows of those system components that are responsible 
for ensuring this output. Furthermore, I argued that such undertakings also have to in-
clude factors enabling or constraining core system functionality, such as policy steering 
instruments or the natural occurrence of energy fluxes. Moreover, to capture relevant 
energy and resource requirements holistically, sustainability assessments have to con-
sider upstream and downstream processes. Against this backdrop, it becomes obvious 
that I have to base my analyses on the output of these systems: If I first identify the key 
outputs, namely energy services, of electric power systems, then I can focus on down-
stream processes. Accordingly, I shall proceed by providing a summary of the energy 
services provided by electric power systems. 
 
Based on the holistic system representation provided in chapter 8, electric power sys-
tems supply a wide range of energy services. These services are delivered by electrical 
devices operated by private households, public institutions and businesses. My first 
challenge here lies with identifying those energy services that improve human well-
being or are key prerequisites for the provision of goods and services. One way to tack-
le this challenge is to review recent research on electricity consumption. The underlying 
assumption here is that by considering those electrical devices that account for the vast 
majority of electricity consumption, I can ensure that the most frequently consumed en-
ergy services are considered.30 Accordingly, to do this, I shall draw on scientific studies 
related to electricity consumption: the pursuit of higher levels of energy efficiency has 
resulted in a vast number of insightful research studies on the subject of electricity con-
sumption and related behaviours (Farinaccio & Zmeureanu 1999; Larsen & Nesbakken 
2004). These studies strive to determine the drivers of electricity consumption and are-
as of intervention to induce more energy efficient behaviours (Ahmadi-Karvigh, 
Becerik-Gerber & Soibelman 2016; Jones, Fuertes & Lomas 2015). Since these stud-
                                               
30
 This approach assumes that those energy services that account for the majority of elec-
tricity consumption are also the most relevant. 
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ies discuss electricity end-uses and electrical devices in use, there is good reason to 
believe that such contributions are likely to provide a sound basis for a comprehensive 
overview of relevant energy services for private households. Once the relevant ser-
vices are identified, I shall complement them with units of measurements to subse-
quently enable an evaluation of the service delivery in sustainability assessments. My 
goal here lies in measuring the output of the energy service rather than electricity con-
sumption so as to relate it to potential benefits for consumers. I shall proceed by listing 
those energy services that are frequently consumed and are deemed relevant accord-
ing to current research: 
 
i) Lighting. The technology for generating light serves the purpose of illumi-
nating dark areas. For example, it can prolong activities into the night hours 
and allow people to access to the darker regions devoid of solar irradiation, 
such as mines. Furthermore, lighting technology plays a major role in mod-
ern information technology devices, such as computers and smart phones, 
to display information and enable communication. This energy service is 
provided by among other things, light bulbs and modern information tech-
nology devices and its output is often measured in lumen or lux (Bedir, Has-
selaar & Itard 2013). 
 
ii) Heating. To create suitable living conditions for human beings in colder en-
vironments, artificial heating is often required. In pre-modern times, camp-
fires often served this purpose. Today, fossil fuel- or biomass-based heating 
systems are generally used. Some of the devices used to heat dwellings 
and offices, such as radiators and heat pumps, are powered by electricity 
(Kipping & Trømborg 2015). I include other devices used that generate heat, 
such as stoves and ovens, in this category since these appliances also 
serve the purpose of increasing temperature. To measure this energy ser-
vice, I shall revert to a metric that captures increases in temperature. 
 
iii) Cooling. In warm climates, electrical cooling devices, such as air condition-
ing systems, ensure that temperatures in dwellings, workplaces and vehi-
cles stay within conformable limits for human beings thus safeguarding hu-
man health (Kavousian, Rajagopal & Fischer 2013). For this thesis, I also 
include other devices used for cooling purposes in this category, such as re-
frigerators and deep freezes used to decelerate deterioration processes in 
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food and preserve the effectiveness of medicine. To measure this energy 
service, I revert to quantifying decreases in temperature. 
 
iv) Cooking. The preparation of some meals requires additional household de-
vices, including electrical appliances such as blenders or grinders 
(McLoughlin, Duffy & Conlon 2012). Since this energy service focuses on 
the preparation of food, I shall apply a metric that captures the amount of 
nutritional energy value provided. 
 
v) Cleaning. Cleaning appliances are generally used to prevent infestations of 
vermin or illnesses caused by deteriorating organic matter. Today, homes 
are often equipped with various electric cleaning tools, such as washing 
machines, dishwashers or vacuum cleaners (Bartiaux & Gram-Hanssen 
2005). Since this energy service aims to reduce pollution and safeguard 
human health, I propose to measure reductions in pollution. 
 
vi) Information. To obtain information on societal developments or personal 
matters, people often rely on modern information and communication devic-
es, such as computers, televisions or smart phones. These devices provide 
information for decision making, entertainment or simply satisfy curiosity 
(Van Heddeghem et al. 2014). I propose to assess this energy service by 
quantifying the amount of data obtained. 
 
vii) Communication. The broad deployment of the internet, communication in-
frastructure and modern information technology devices enables interactive 
communication across vast distances. The resulting services, such as inter-
net chats and social media profiles, have today become key tools for foster-
ing contacts (Baker & Rylatt 2008). To measure the output of this service, I 
shall capture units of data exchanged. 
 
viii) Entertainment. Today, many people enjoy consuming various forms of en-
tertainment broadcast via the internet, television channels, smart phones or 
radio frequencies (Sanquist, Orr, Shui & Bittner 2012). For this energy ser-
vice I shall also measure data consumed. 
 
ix) Recreation. Leisure appliances, such as saunas and pumps for swimming 
pools, support the private recreation activities of the wealthier consumer 
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(Parker 2003). This energy service is often consumed by only a fraction of 
the human population and is not available to the public. For this energy ser-
vice, I propose to measure hours spent as a unit of measurement. 
 
x) Fuelling of mobility. Today, various electric mobility technologies exist, 
such as trains and cars, and in some countries policies are in force to pro-
mote the deployment of such technologies (Lieven 2015). The purpose of 
this growing energy service is to enable the transport of people or goods to 
specific destinations31 (Xydas et al. 2016). Accordingly, I propose a unit of 
measurement related to distance covered. 
 
This list of energy services covers those outputs related to the electricity systems func-
tion of improving human well-being according to recent research. It does not, however, 
yet contain services related to the second function of electric power systems. Accord-
ingly, I shall proceed by looking into the second function of electricity systems, namely, 
to support enterprises and public institutions in providing goods and services. 
 
Providing a comprehensive list of energy services related to this category proves to be 
yet another challenge: Past decades have brought about increasing levels of sectoral 
and functional specialisation in various industries (Duranton & Puga 2005). This devel-
opment has fuelled the demand for distinctive electrical tools geared specifically to in-
dividual entrepreneurial needs. Accordingly, today commercial and institutional actors 
consume a wide range of very specific energy services. Providing an exhaustive list of 
these custom-made services clearly lies beyond the scope of this thesis as it would be 
a distinct research endeavour on its own. There is, however, another way to consider 
the second function of electric power systems: enterprises and public institutions con-
sume energy and resources to manufacture goods and services. These outputs are 
later used by consumers in the above-mentioned energy services. Accordingly, I shall 
look for a methodology that measures energy and resource when consumers use their 
electrical devices. 
 
In order to consider the energy and resources used to manufacture and provide goods 
and services during end-use stages, methods related to input-output or embodied en-
ergy analysis are often used (Brown & Herendeen 1996). For example, the resources 
required to manufacture a heat pump are then considered when assessing the re-
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 I shall also consider elevators and conveyor belts under this category as they serve the 
same purpose, namely, to transport people or goods. 
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source requirements of the energy service of heating. However, there are also known 
shortcomings to this method: some services, such as public lighting of monuments, are 
not likely to be captured by input-output or embodied energy analysis. To deal with 
such exceptions, I shall introduce a generic energy service covering those processes 
for manufacturing and providing goods and services that are not covered by input-
output or embodied energy analysis.32 As for the unit of measurement, I shall apply a 
generic metric to capture the output provided by the corresponding process. Against 
this backdrop, Table 7 lists the above-mentioned energy services including examples 
of electrical devices frequently used to deliver the corresponding output, including the 
generic energy service related to the provision of goods and services. 
 
Energy service Examples of electrical devices 
Lighting Lamps, light bulbs, computers, smart phones 
Heating Heating systems, stoves, ovens 
Cooling Air conditioning systems, refrigerators, deep freezes 
Cooking Blenders, grinders 
Cleaning Washing machines, dish washers, dryers, vacuum cleaners 
Information Computers, television, smart phones 
Communication Computers, television, smart phones 
Entertainment Internet, television, smart phones, radios 
Recreation Saunas, pumps for swimming pools 
Fuelling of mobility Trains, private cars, elevators, conveyor belts 
Manufacturing of goods and services Public lighting 
Table 7: Overview of energy services and electrical devices 
 (Own elaboration) 
 
Based on this overview of energy services, I am now in a position to deduce a first set 
of criteria for sustainability assessments of electric power systems. These criteria refer 
to the development aspect of SD by assessing the output of electric power systems. 
When assessed on an isolated basis, I expect those systems that succeed in supplying 
a wide range of often consumed energy services to their actors to score high. However, 
the attainment of these criteria does not yield information on whether a productive natu-
ral environment is preserved for future generations nor does it show how societal ac-
tors determine the delivery of those energy services.  
                                               
32
 Creating a list of those exceptions can be expected to result in a huge list of services, each 
of which contributes very little to the overall picture. Due to the limited impact of these ser-
vices, I shall refrain from drawing up such a detailed list. 
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Accordingly, based on this overview of energy services, I shall formulate a criterion for 
each energy service, including exemplary units of measurement, so that each criterion 
measures the delivery of the corresponding energy service. Thus, Table 8 displays the 
proposed criteria for energy services to evaluate the development aspects of the guid-
ing principles of SD in sustainability assessments of electric power systems. 
 
Id Criteria for energy services Exemplary unit of measurement 
ES01 Provision of lighting Lumen or Lux 
ES02 Provision of heating Degrees Celsius or Fahrenheit 
ES03 Provision of cooling Degrees Celsius or Fahrenheit 
ES04 Provision of cooking Calories 
ES05 Provision of cleaning Pollution 
ES06 Provision of information Unit of data 
ES07 Provision of communication Unit of data 
ES08 Provision of entertainment Unit of data 
ES09 Provision of recreation Hours 
ES10 Provision of fuelling for mobility Kilometres or miles 
ES11 Provision of production of goods and services Unit of output 
Table 8: Criteria for energy services for electric power systems 
 (Own elaboration) 
 
This overview also frames the scope for my next task related to analysing relevant en-
ergy flows and compiling a corresponding set of criteria. The list of criteria for energy 
services is the starting point for my next endeavour; that is, to systematically identify 
the relevant stages of energy flows, which are to be evaluated in sustainability as-
sessments of electric power systems, and deduce a set of criteria. 
 
9.2 Energy flows 
As the first methodological step, I shall define system boundaries to analyse the energy 
flows in electric power systems: by drawing on the holistic system representation de-
veloped in the previous chapter, it becomes evident that my analysis has to cover en-
ergy flows from their origination, that is, the natural occurrence of energy fluxes and 
carriers, to the stage where electricity is used in electrical devices to provide energy 
services. 
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To carry out the analysis, I shall select a robust methodology that can live up to the 
task of describing complex energy flows in electric power systems. While a wide range 
of proven methods for the analysis of energy flows exists, I shall revert to Sankey dia-
grams for this task. This method is specifically designed for complex analysis of holistic 
energy systems and has, thus, been successfully applied previously in similar contexts. 
The method foresees describing and depicting the relevant stages of energy or electric-
ity flows. Moreover, the quantities of energy or electricity that pass each stage are rec-
orded (Soundararajan, Ho & Su 2014; Subramanyam, Paramshivan, Kumar & Mondal 
2015). This method also accounts for the first law of thermodynamics: whenever ener-
gy is converted into another form, some of it is given off as heat. Hence, after each 
conversion stage, the quantity of available energy or electricity is reduced by the 
amount of conversion losses (Kittel & Kroemer 1980). Accordingly, one of the hall-
marks of Sankey diagrams is to measure each conversion stage and therefore also 
quantify how much energy or electricity is passed on to the next stage. 
 
However, prior tackling the task of depicting the relevant stages of energy flows in elec-
tric power systems, I shall first elaborate on the sources of energy fluxes and carriers in 
electric power systems. I shall then proceed to systematically describe the stages of 
energy or electricity flows until they are eventually consumed in electrical devices to 
provide energy services. According to current research, there are three main sources 
of energy on Earth: 
 
i) The sun. Life on Earth depends directly or indirectly on the sun as a key 
source of energy flux: solar irradiation provides light and heat to our planet 
and thus also has a strong influence on the weather and drives plant growth 
(Carlowicz & Hill 2006). 
 
ii) Earth’s crust and core. The decay of natural radioactive elements in the 
interior of our planet creates heat. This heat sometimes naturally surfaces in 
the form of volcanoes or geysers (Turcotte & Schubert 2002). 
 
iii) The sun and the moon. The gravitational pull exerted by the sun, the moon 
and the rotation of the Earth create tidal waves. These waves exhibit kinetic 
energy (Talley 2011). 
 
Since the sun is the most dominant source of energy fluxes on Earth, I shall proceed by 
first describing energy flows emanating from the sun before moving on to the other two 
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sources. I therefore revert to a sophisticated analysis conducted by Stanford University 
on exergy and carbon flows in natural and human systems to describe the stages 
(Sassoon et al. 2009). 
 
While some of the incoming solar irradiation is redirected as a result of atmospheric re-
flection, the majority of solar energy is kept within the Earth’s system. Some of it can 
even directly be used as solar energy to generate electricity in photovoltaic cells or 
heat in solar thermal power systems. Moreover, the sun heats the natural surfaces of 
land and water bodies at different speeds. The resulting difference in temperatures 
among natural surfaces gives rise to wind currents. These currents may also be ex-
ploited to generate electricity in wind farms. In parallel, clouds form and the precipita-
tion that results creates and feeds into rivers and lakes. Moving water masses in rivers 
result in kinetic energy which enables hydroelectric power. Furthermore, solar irradia-
tion also enters ecosystems and is partially absorbed by plants through photosynthetic 
processes. Some of these plants can then themselves be used as energy carriers in 
biomass-based power plants to generate electricity or produce biofuels. A portion of so-
lar energy heats the planet’s surface and some is lost as a result of surface reflection. 
This radiation-based, chemical and kinetic energy flow is the biggest source of energy 
fluxes for electric power systems on the planet (Sassoon et al. 2009). 
 
There is also, however, a thermal energy flow that emanates from the Earth’s crust and 
core. The interior structure of Earth can be separated into different layers: The lower 
layers encompass parts of our planet that are substantially hotter than the outer crust. 
Processes related to the natural decay of radioactive elements are key contributors to 
heat generation in lower layers. This heat can be directly exploited in geothermal power 
plants to generate electricity. Our planet’s crust and core is also home to natural de-
posits of mineral and fossil fuels. While uranium naturally occurs in the Earth’s crust 
and core, fossil fuels are formed through the decomposition processes that occur in 
dead organic matter under anoxic conditions. These processes form fossil fuels and 
take up to hundreds of millions of years. Today, mineral and fossil fuels are two types 
of energy carriers frequently used on planet Earth to generate electricity. However, to 
make these available to human populations, mining facilities are required (Sassoon et 
al. 2009). 
 
There is also a gravitational energy flow on planet Earth. The sun, the moon and the 
rotation of our planet exert gravitational forces. These forces result in rising and falling 
sea levels in the form of tides in oceans. These moving water masses exhibit kinetic 
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energy that may be used in tidal power plants to generate electricity. This option is not, 
however, available to landlocked countries and today contributes only an insignificant 
portion to global electric power generation (Sassoon et al. 2009). 
 
Once these natural energy flows are converted into electricity in power plants, the 
power grid distributes the electric power to consumers, where electricity is spent to run 
electrical appliances and enable the delivery of energy services. The process of trans-
mitting and distributing electricity to consumers is subject to further conversion losses, 
which depend on the technical designs and power grid technologies deployed (World 
Bank 2016). 
 
Figure 17 depicts energy flows in electric power systems, including the key stages they 
pass through, as explained in this section: The sources of the three energy fluxes are 
shown on the top of the diagram. Energy flows pass the above-mentioned stages to-
wards the bottom, where power plants, power grids and electrical devices are shown. 
Hence, the upper part of the diagram shows the natural conversion processes of ener-
gy, while the lower part depicts how energy is first converted into electricity in power 
stations, then distributed by power grids and ultimately transformed into energy ser-
vices by electrical devices. The various forms of losses, such as atmospheric reflection, 
atmospheric absorption, surface heating and reflection, conversion losses in power 
generation and distribution are also displayed in the upper section of the diagram as 
explained in this section. This depiction of energy flows thus illustrates how the availa-
ble energy fluxes and carriers are subject to a wide range of natural and artificial con-
version losses until they are spent to power electrical devices. This then enables ener-
gy services which improve human well-being and enable manufacturing and supply of 
a wide range of goods and services. 
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Figure 17: Energy flows in electric power systems 
 (Own elaboration) 
 
This simplified depiction is, however, devoid of two features of Sankey diagrams. First-
ly, quantitative metrics are absent. I have refrained from providing these, as such met-
rics are likely to vary across regions: Solar irradiation, for example, differs vastly be-
tween the arctic territories and the tropics. Alternatively, while fossil fuels are abundant 
in the Middle East, other regions are deprived of these precious energy carriers. Sec-
ondly, Sankey diagrams seek to quantify conversion losses. I did not provide these ei-
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ther because conversion losses are subject to, among other things, the technologies 
deployed, as some technologies benefit from higher technical efficiency ratios than 
others (Petriz-Prieto, Rico-Ramirez, Gonzalez-Alatorre, Gómez-Castro & Diwekar 
2016). Against this backdrop, I argue that quantitative data cannot be provided at the 
generic level of a framework. The quantitative data has to be analysed when opera-
tionalising the framework, or to be more specific, in the process of conducting sustain-
ability assessments. Based on this analysis of energy flows, I am in a position to de-
duce criteria related to energy flows for sustainability assessments of power systems. 
 
Against this backdrop, I propose to dedicate a set of criteria to measuring the natural 
occurrence of energy fluxes and energy carriers, since their availability also frames the 
extent of energy service delivery: Regions of limited energy fluxes or carriers will find it 
more difficult to provide energy services than, say, territories blessed with high levels of 
solar irradiation or vast deposits of fossil energy carriers. This can be attributed accord-
ingly by considering criteria related to the natural occurrence of energy fluxes and car-
riers. Furthermore, I shall distinguish between inexhaustible energy fluxes and finite 
energy carriers to consider long-term availability, which is important when later looking 
into preserving opportunity spaces of future generations. I shall further split energy car-
riers into fossil and nuclear energy carriers and assign distinctive criteria to them, as 
their ecological impacts vary significantly. 
 
I also propose to apply criteria to assess to what degree existing potentials of energy 
fluxes and carriers are already exploited: those regions where the majority of the poten-
tial has already been exploited will find it hard to further increase energy service deliv-
ery. Dedicating specific criteria to evaluating the current level of exploitation will allow 
for whether other measures, such as promoting energy efficiency, are to be explored to 
be put into perspective. For the same reason, I shall dedicate separate criteria to re-
newable energy fluxes and fossil and nuclear energy carriers. 
 
While the above criteria cover natural aspects of energy flows in electric power sys-
tems, I still need to deploy criteria to measure the energy consumption of each energy 
service. These criteria will allow for an analysis of how energy is spent to improve hu-
man well-being and enable the manufacturing of goods and services. Furthermore, it 
will pave the way to assessing energy efficiency levels across the entire system. This, 
however, will require an additional criterion: I propose to complement these energy flow 
related criteria with a final control criterion on overall energy efficiency. This criterion 
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will enable the authors of sustainability assessments to rate the overall energy efficien-
cy of the electric power system under review. 
 
When applying the above criteria, those systems that primarily draw on renewable en-
ergy fluxes and manage to keep energy efficiency high across all stages of energy ser-
vice delivery can be expected to do well – assuming that the goals of the sustainability 
assessment mirror the normative objectives of SD.33 Table 9 lists the proposed criteria 
for measuring the relevant stages of energy flows and energy conversion ratios. In 
terms of unit of measurement, I propose to measure all criteria related to the provision 
and consumption of energy fluxes and carriers in terajoules (TJ) (Kowalski, Stagl, 
Madlener & Omann 2009). This unit of measurement is often used by authors for simi-
lar analyses on energy systems. Likewise, I propose to apply the most frequently used 
metrics for electricity consumption of energy services, which are either kilowatt hours 
(kWh), megawatt hours (MWh), gigawatt hours (GWh) or terawatt hours (TWh) per 
year, depending on the system dimension. Since my framework is directed at as-
sessing systems at aggregated levels, I shall apply TWh. Lastly, for the criterion di-
rected at overall energy efficiency, I propose to calculate the ratio between exploited 
energy fluxes and carriers versus consumed electricity to determine overall losses. 
 
Id Criteria for energy flows Exemplary unit of measurement 
EF01 Provision of renewable energy fluxes TJ per year 
EF02 Provision of renewable energy carriers TJ per year 
EF03 Provision of nuclear energy carriers TJ per year 
EF04 Provision of fossil fuel-based energy carriers TJ per year 
EF05 Consumption of renewable energy fluxes TJ per year 
EF06 Consumption of renewable energy carriers TJ per year 
EF07 Consumption of nuclear energy carriers TJ per year 
EF08 Consumption of fossil fuel-based energy carriers TJ per year 
EF09 Energy use for lighting TWh per year 
EF10 Energy use for heating TWh per year 
EF11 Energy use for cooling TWh per year 
                                               
33
 Similar endeavours are already applied in practice. In Switzerland, for example, an ap-
proach was developed and set down in local legislation which seeks to minimise the ener-
gy end-use of citizens to a predefined level (Stulz, Tanner & Sigg 2011). Such approaches 
favour those energy fluxes and carriers for which power infrastructure secure high conver-
sion efficiencies. This approach, however, ignores aspects related to energy service deliv-
ery, material flows or societal steering. 
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EF12 Energy use for cooking TWh per year 
EF13 Energy use for cleaning TWh per year 
EF14 Energy use for information TWh per year 
EF15 Energy use for communication TWh per year 
EF16 Energy use for entertainment TWh per year 
EF17 Energy use for recreation TWh per year 
EF18 Energy use for fuelling of mobility TWh per year 
EF19 Energy use for manufacturing of goods and services TWh per year 
EF20 Overall energy efficiency % 
Table 9: Criteria for energy flows for electric power systems 
 (Own elaboration) 
 
A review of the criteria for energy flows combined with my previous work in section 9.1 
on energy services, will allow the system to be evaluated in terms of a ratio on energy 
service delivery against energy efficiency. While such an analysis yields, without any 
doubt, interesting insights on how much energy is consumed to deliver energy services 
and which energy services are provided by the system, it needs to be further comple-
mented with data related to the resource consumption and pollution emissions to cre-
ate a comprehensive picture of the environmental effects caused by the system in 
providing its outputs. Accordingly, I shall proceed with a material flow analysis of elec-
tric power systems to be able to consider this missing ecological aspect. 
 
9.3 Material flows 
To accomplish the third task of this chapter, I shall analyse the resource consumption 
and pollution emissions caused by power infrastructure and electrical devices in power 
systems. Once more, I shall draw system boundaries in accordance with the holistic 
system depiction developed in chapter 8 and thereby draw the same scope definition 
as in the preceding sections. The goal of this section is to capture the relevant re-
sources required to provide energy services and the critical pollutant emissions caused 
by power infrastructure and electrical appliances to define corresponding criteria. There 
is, for example, scientific evidence that the combustion of fossil fuels in thermal power 
plants is a major driver of global warming (IPCC 2007). Furthermore, scientists have 
discovered that the manufacture of refrigerators required for cooling purposes can con-
tribute to the depletion of the ozone layer (Badr, Probert & O'Callaghan 1990). While 
this issue has been addressed by policies, some thermal power generation technolo-
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gies are still known to contribute to the depletion of the ozone layer (Atilgan & Azapagic 
2015; Brizmohun, Ramjeawon & Azapagic 2015). These examples highlight the rele-
vance of capturing resource requirements and pollutant emissions across the entire 
transformation chain of electricity systems. This also justifies applying a holistic system 
scope to my task here. In terms of methodology to be applied, I shall revert to material 
flows analysis and life cycle assessments, as argued in section 7.3. 
 
The first challenge encountered in this section lies with identifying which resources are 
vital for building and maintaining the technical components of electric power systems 
and what pollutant emissions are known to cause severe forms of environmental deg-
radation. In order to answer this question, I shall revert to the huge body of existing lit-
erature on material flow analysis and life cycle assessments for electric power systems, 
or parts of systems, including more general studies related to sustainability issues in 
relation to this complex human-nature system. I shall structure the analysis on material 
flows into four categories: 
 
i) Resource consumption. The construction and operation of power infra-
structure components and the manufacture of electrical devices requires 
non-renewable resources, such as metals, and renewable resources, such 
as wood or water, as well as derivatives of fossil fuels (Afgan, Carvalho & 
Homanov 2000; Gallego Carrera & Mack 2010; Hirschberg et al. 2005; 
Kowalski, Stagl, Madlener & Omann 2009; Onat & Bayar 2010). 
 
ii) Emissions to the atmosphere. Processes for mining resources, generat-
ing and distributing electricity to consumers, including the manufacture of 
power appliances, can cause severe pollution to the atmosphere, such as 
the release of greenhouse gases, chlorofluorocarbons or particulate matter 
(Atilgan & Azapagic 2015; Brizmohun, Ramjeawon & Azapagic 2015; Dun-
can et al. 2013; Raugeri & Leccisi2016). 
 
iii) Emissions to ecosystems. Construction and maintenance of power plants 
and power grids as well as the assembly of electrical devices can have ad-
verse effects on both ecosystems and human beings, including the distor-
tion of ecosystems, eco-toxicity or reductions in life expectancy (Brizmohun, 
Ramjeawon & Azapagic 2015; Fearnside 2016; Hirschberg et al. 2005; 
Sheldon, Hadian & Zik 2015). 
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iv) Emissions to Earth’s crust and core. Some power generation technolo-
gies are known to cause land contamination and nuclear power requires 
long-term repositories for the storage of radioactive waste, while the dispos-
al of this waste remains an unresolved issue (Hirschberg et al. 2005; 
Schenler, Hirschberg, Burgherr, Makowski & Granat 2009). 
 
In order to build and maintain the technical components of electric power systems, non-
renewable resources are required. The main category of non-renewable resources re-
quired is metals and minerals34 (Afgan, Carvalho & Homanov 2000; Hirschberg et al. 
2005; Roth et al. 2009; Schenler, Hirschberg, Burgherr, Makowski & Granat 2009) and 
some derivatives of fossil fuels (Afgan, Carvalho & Homanov 2000; Kowalski, Stagl, 
Madlener & Omann 2009; Sharma & Balachandra 2015). Furthermore, some renewa-
ble resources, such as wood or water, are used to build and operate facilities for the 
technical components of electricity systems (Gallego Carrera & Mack 2010; Grunwald 
& Rösch 2011; Kowalski, Stagl, Madlener & Omann 2009; Onat & Bayar 2010). Ac-
cordingly, Figure 18 depicts the three types of resources consumed when building and 
maintaining the technical components of electric power systems as described above. In 
the upper part of the diagram, the components of the technical layer are displayed, 
while the lower part of the diagram contains the natural capacities of the ecological lay-
er according to the holistic system representation created in the previous chapter. In 
the middle of the figure, material flows are shown to illustrate the way that the technical 
components draw on natural resources from ecosystems and the Earth’s crust. 
 
 
Figure 18: Resource consumption in electric power systems 
 (Own elaboration)  
                                               
34
 Some of the key metals required are copper and aluminium (Afgan, Carvalho & Homanov 
2000). 
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The diagram does not, however, yield quantitative information on how much resources 
are spent from the ecological layer, as this, as discussed in regard to energy flows in 
section 9.2, surely depends on the number and size of facilities in the power infrastruc-
ture and the usage of power appliances, which inevitably varies across systems. 
 
Scientific evidence suggests that power infrastructure can cause four severe forms of 
pollution in the atmosphere: Firstly, the combustion of fossil fuels in coal- or natural 
gas-based power plants, for example, releases greenhouse gases to the atmosphere 
thereby fuelling global warming (Dombi, Kuti & Balogh 2014; Evans, Strezov & Evans 
2009; Karmellos, Kopidou & Diakoulaki 2016). Secondly, the manufacture of refrigera-
tors and the thermal combustion processes in power plants can contribute to the deple-
tion of the ozone layer35 (Badr, Probert & O’Callaghan 1990; Moussiopoulos 1990). 
Thirdly, fossil fuel-based power generation is known to emit sulphur oxides (SOx) and 
nitrogen oxides (NOx), which can cause among other things severe illnesses in human 
beings (Afgan, Carvalho & Homanov 2000; Dios, Souto & Casares 2013; Matteson 
2014). Fourthly, thermal processes that are prevalent in, for example, coal- or natural 
gas-based power generation technologies, as well as the cultivation of biofuels, can 
cause particulate matter that may result in acute respiratory diseases in human beings 
(Grunwald & Rösch 2011; Shamzani Affendy, Nurul-Hidayah Nik Yahya & Alias 2013; 
Sharma & Balachandra 2015). Furthermore, processes related to the extraction of 
metals, minerals and fossil fuels can also cause emissions of particulate matter (Aneja, 
Isherwood & MOrgan 2012). Figure 19 illustrates these four categories of pollution to 
the atmosphere caused by the technical components of electric power systems. Similar 
to the previous figure on resource consumption, the upper part of the diagram displays 
components of the technical layer in electric power systems, while the lower part de-
picts those of the ecological layer. Similarly, the arrows in the figure show what forms 
of pollution to the atmosphere are caused by the technical components of electric pow-
er systems. This depiction shows that power plants have a wide range of adverse ef-
fects on the atmosphere. 
 
                                               
35
 While the ozone layer is regenerating due to a global ban of specific chlorofluorocarbons in 
consumer goods, some older power plants are still known to cause this type of emission. 
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Figure 19: Emissions to the atmosphere in electric power systems 
 (Own elaboration) 
 
Scientific evidence suggests that electric power systems can exert a wide range of ef-
fects on ecosystems and the life-forms inhabiting those systems, including human pop-
ulations. First, the technical components of power infrastructure require land on which 
to build facilities. Additional land is often affected by waste and in some cases is ren-
dered unavailable for other vital purposes36 (Fthenakis & Kim 2009; Rovere, Borghetti 
Soares, Basto Oliveira & Lauria 2010; Ribeiro, Ferreira & Araújo 2013). Second, mining 
facilities, power plants and electricity grids not only take up land area but, especially in 
case of hydroelectric dams, may also distort ecosystems, sometimes severely imped-
ing the delivery of ecosystem services (Kashef 1981). Third, there are known cases of 
losses in biodiversity resulting from the operation of biofuel farms, for example owing to 
mismanagement in agricultural practices, and power plants, owing to the fragmentation 
of ecosystems (Pedroli et al. 2013). Fourth, biomass farms often apply fertilisers to 
stimulate growth in energy carriers. Excessive use of fertilisers and the run-off of chem-
icals in power plants can result in eutrophication and acidification in rivers and lakes, 
thereby decreasing the water quality to the point where aquatic ecosystems are threat-
ened and severe risks to human health arise (Hornung 1999; Jeswani, Gujba & Aza-
pagic 2011). Fifth, other malpractices related to the cultivation of biofuels are known to 
potentially result in soil erosion or desertification, both of which are known to adversely 
affect food harvests (Vogel, Deumlich & Kaupenjohann 2016). Sixth, the erection and 
operation of some power generation and distribution technologies can cause eco-
                                               
36
 One could also consider land area as a natural resource rather than a form of pollution to 
ecosystems. However, scientific evidence suggests that some processes related to the ex-
traction of fossil fuels, for example, can make vast areas of land unavailable for other uses 
(Baranzelli et al. 2015). 
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toxicity which increases the fragility of ecosystems and holds risks for human health 
(Fadeyi, Arafat & Abu-Zahra 2013). Seventh, scientific evidence suggests that some 
forms of pollution resulting from the operation of power infrastructure components re-
duce human life expectancy (Hirschberg et al. 2016). Eighth, nuclear power plants, hy-
droelectric dams and some power grid facilities in particular expose human populations 
to catastrophic risks; in the past accidents led to fatalities (Sovacool, Kryman & Laine 
2015). Ninth, there are still concerns that human beings exposed to the electromagnet-
ic fields of some power generation technologies, power lines and some electrical de-
vices, such as mobile communication devices, face a greater risk of contracting poten-
tially fatal diseases (Repacholi 2012). Accordingly, Figure 20 depicts pollutant emis-
sions caused to ecosystems and human populations stemming from the construction 
and operation of the technical components of electric power systems. This diagram de-
picts, in the upper part of the figure, the wide range of hazardous emissions caused by 
mining facilities, power stations, power grids and electric appliances to ecosystems, 
which are displayed on the lower part of the figure. 
 
 
Figure 20: Emissions to ecosystems in electric power systems 
 (Own elaboration) 
 
Research on the operation of nuclear power plants and mining facilities has identified 
two forms of major environmental degradation to the Earth’s crust. Firstly, nuclear 
power plants produce radioactive waste which has to be stored in deep geological re-
positories. The required transportation and storage of spent fuel rods in repositories 
pose risks to human health and the environment in the form of nuclear radiation over a 
very long period of time (Thakur, Lemons, Ballard & Hardy 2015). Secondly, the exca-
vations caused by mining for energy carriers and some of the power generation tech-
  
 
Framework for Sustainability Assessments - 190 - 
nologies in operation, such as nuclear power plants, are also known to hold risks relat-
ed to land contamination or nuclear radiation (Laraia 2015). Against this backdrop, Fig-
ure 21 displays the two severe forms of pollution caused mainly by nuclear power 
plants and mining to the Earth’s crust and consequently human populations using the 
same diagram as used previously. Accordingly, this analysis emphasises that nuclear 
power is the main contributor to severe forms of pollution caused by electric power in-
frastructure to the Earth’s crust. 
 
 
Figure 21: Emissions to Earth’s crust and core in electric power systems 
 (Own elaboration) 
 
In this section, I analysed in more detail which resources are consumed to establish 
and operate the technical components of electric power systems. Furthermore, I paint-
ed a holistic picture of the forms of pollution that are hazardous to human populations 
and the natural environment. Based on this analysis, I propose to systematically define 
a criterion for each identified type of resource and pollutant emission for sustainability 
assessments of electric power systems. 
 
In order to measure resource efficiency, I propose to dedicate distinct criteria related to 
the provision and consumption of each type of resource as identified above. I shall also 
apply the same procedure to each type of pollutant emission. Hence, I propose to apply 
a criterion to measure each type of pollution identified in this section. Furthermore, in 
order to evaluate whether pollutant emissions impede development processes, I shall 
also dedicate a criterion to each type of pollutant emission related to the ability of the 
environment or human beings to absorb or withstand those hazards. As for unit of 
measurement, I propose those units that are most frequently applied in the scientific lit-
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erature and are commonly used. Accordingly, Table 10 lists the proposed criteria relat-
ed to material flows for sustainability assessments of electric power systems. 
 
Id Criteria for material flows Exemplary unit of measurement 
MF01 Provision of non-renewable resources Tonne (t) 
MF02 Consumption of non-renewable resources Tonne (t) 
MF03 Provision of renewable resources Tonne (t) 
MF04 Consumption of renewable resources Tonne (t) 
MF05 Provision of fossil fuels Tonne (t) 
MF06 Consumption of fossil fuels Tonne (t) 
MF07 Emission of greenhouse gases Parts per million (ppm) 
MF08 Absorption of greenhouse gases Parts per million (ppm) 
MF09 Emission of chlorofluorocarbons Parts per million (ppm) 
MF10 Absorption of chlorofluorocarbons Parts per million (ppm) 
MF11 Emission of sulphur and nitrogen oxides Parts per million (ppm) 
MF12 Absorption of sulphur and nitrogen oxides Parts per million (ppm) 
MF13 Emission of particulate matter Micrograms per cubic meter (μg/m
3
) 
MF14 Breakdown of particulate matter Micrograms per cubic meter (μg/m
3
) 
MF15 Use of land Square kilometres (km
2
) 
MF16 Availability of land Square kilometres (km
2
) 
MF17 Distortion of ecosystems Ecosystem service delivery 
MF18 Delivery of ecosystem services Ecosystem service delivery 
MF19 Losses in biodiversity Taxonomic richness of a region 
MF20 Biodiversity Taxonomic richness of a region 
MF21 Causes of eutrophication and acidification Micrograms per litre (μg/l) and pH 
MF22 Resilience to eutrophication and acidification Micrograms per litre (μg/l) and pH 
MF23 Erosion of soil and desertification Tonnes per square kilometre (km
2
) 
MF24 Provision of soil Tonnes per square kilometre (km
2
) 
MF25 Causes of eco-toxicity Parts per million (ppm) 
MF26 Absorption of eco-toxicity Parts per million (ppm) 
MF27 Reduction in life expectancy Years of lives lost (YLL) 
MF28 Life expectancy Years 
MF29 Increase in exposure to catastrophic risks Probability multiplied by severity 
MF30 Exposure to catastrophic risks Probability multiplied by severity 
MF31 Causes of electromagnetic radiation Volts or Ampere per metre (V/m) (A/m) 
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MF32 Resilience to electromagnetic radiation Volts or Ampere per metre (V/m) (A/m) 
MF33 Causes of nuclear waste Tonne per square metre (t/m) per year 
MF34 Absorption of nuclear waste Tonne per square metre (t/m) per year 
MF35 Causes of land contamination/nuclear radiation Parts per million (ppm), Sievert (mSv) 
MF36 Resilience to land contamination/nuclear radiation Parts per million (ppm), Sievert (mSv) 
Table 10: Criteria for material flows for electric power systems 
 (Own elaboration) 
 
My endeavour to systematically deduce criteria so far covers the output of electricity 
systems and the environmental burdens resulting from electric power systems. Apply-
ing these criteria to a sustainability assessment will allow the benefits provided by 
power infrastructures and electric appliances to be compared with the environmental 
degradation caused by the system under review. However, I am still missing one core 
element of the system to cover the basic feature of criteria for holistic sustainability as-
sessments: criteria related to societal transformation processes. Hence, to accomplish 
my task in this chapter, I shall proceed by analysing societal steering processes for 
complex sustainability issues, such as transforming electricity systems to meet sus-
tainability requirements. 
 
9.4 Societal steering processes 
One of the hallmarks of coupled human-nature system analysis is the recognition that 
complex socio-ecological systems, such as electric power systems, consist of a bio-
physical, a social and a hybrid dimension. Thus, the process of creating the holistic de-
piction of electric power systems in the previous chapter revealed that, in sustainability 
assessments, it is not only technical power infrastructure, electrical devices and the 
natural environment that need to be considered, but also the actors social realm. In 
terms of scope definition, it therefore becomes apparent that both actors and their so-
cietal steering processes need to be considered in such schemes. 
 
In order to determine and describe relevant actors and their actions, I shall draw on the 
theoretical background related to socio-ecological regimes and environmental govern-
ance. This approach allows the relevant actors to be described and depicts the way in 
which these actors agree on objectives for the development of complex coupled hu-
man-nature systems, such as electric power systems, and how their work shapes pow-
er infrastructure and determines the use of electrical appliances. In section 3.2, I ar-
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gued that scholars perceive reflexive governance to be a prerequisite for dealing with 
today’s sustainability challenges. Furthermore, I argued that I may delimit my focus on 
transformation aspects of governance. Accordingly, for this thesis, I shall assume that 
reflexive governance is in place and I shall focus on transformation aspects. My first 
challenge in this section lies in identifying the relevant actors in the system. Once this 
task is accomplished, I shall then proceed by elaborating the interrelationships between 
key actors and the critical interdependencies between these actors and the environ-
ment or technical components of electric power systems that are associated with steer-
ing the development of electricity systems. 
 
Half a century ago, environmental governance often served the purpose of responding 
to severe forms of environmental degradation. Once the adverse effects of develop-
ment on ecosystems or human health became apparent, policy makers and administra-
tions put regulations in place that banned certain procedures or chemicals. More re-
cently, environmental governance is perceived to cover a much broader scope and has 
become part of sustainability governance that seeks to evaluate the effects of policies 
and specific development projects prior to implementation as input for decision making 
through environmental assessments (Adelle, Jordan & Turnpenny 2012; Owens, 
Rayner & Bina 2004). 
 
However, since key knowledge is today dispersed among different actors, these as-
sessments are thought to also require the involvement of key actors outside of gov-
ernment institutions. In Western societies a broader sharing of responsibilities among 
researchers, policy makers and administrations, market actors and actors in civil socie-
ty can be increasingly observed (Cheshire, Higgins & Lawrence 2007). Such a more 
cooperative mode of governance is thought to lead to a consideration of more of the 
relevant system elements in decision making and promotes public support for critical 
development endeavours (Lockwood 2010; Macnaghten & Urry 1998). Against this 
backdrop, I provide an overview of the above-mentioned key actors and their role in 
environmental governance: 
 
i) Researchers. In order to establish reflexive transformation governance that 
not only responds to environmental degradation but may also act pre-
emptively, comprehensive analyses of energy and material flows as well as 
interdependencies with societal steering processes are likely to be required. 
Such research is traditionally carried out by scientists and seeks to advice 
  
 
Framework for Sustainability Assessments - 194 - 
policy makers on the steering instruments to be deployed (Bilotta, Milner & 
Boyd 2014). 
 
ii) Policy makers and administrations. In represented democracies, bodies 
of elected representatives agree on areas for policy intervention and man-
date administrative offices to implement policy steering instruments. Fur-
thermore, government agencies operate infrastructure to deliver public ser-
vices and deploy policy instruments to induce behavioural change (Dean 
2010; McKee 2009). 
 
iii) Market actors. Manufacturers and suppliers of goods and services define 
business models to offer products and services to clients based on the regu-
latory framework. Costumers express market choices and thereby influence 
the development of solutions by suppliers. Accordingly, suppliers respond to 
the demands of their customers in free markets (Govindan, Seuring, Zhu & 
Farrido Azevedo 2016). 
 
iv) Civil society. Organised institutional actors seek to influence policy devel-
opment through participation in political processes. Their actions may be 
considered in policy decisions depending on the pressure they can exert on 
policy makers. Sometimes, they pursue their own initiatives to reach their 
goals (Eichbaum 1993). 
 
Based on this general overview of the main actors and their roles, I am in a position to 
look into the second task of this section; that is, describing critical interdependencies in 
electric power systems. There are two key types of interdependencies in coupled hu-
man-environment systems: interdependencies among actors on the one hand and be-
tween actors and the environment or technical system components on the other. De-
pending on the complexity of the system, such as the number of actors involved, a 
huge number of interrelationships may exist. To accomplish my task at hand, I shall fo-
cus on those interrelationships that contribute to societal steering. Accordingly, I have 
to discuss the key aspects of change governance in more detail to then distil those in-
terrelationships that are of relevance. 
 
However, prior to doing so, I shall elaborate on the overarching challenge of transform-
ing a complex human-environment system, such as an electricity system. Assuming a 
reflexive mode of governance is in place, then the process of transforming electricity 
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systems is the result of many actions on quite different levels. As the technical compo-
nents of electric power systems are refined, dynamic interactions become increasingly 
important as actors need to integrate new technologies seamlessly into an already ex-
isting, intricately interwoven network of technical components. Each actor, such as a 
scientific research group or an operator of power infrastructure components is, howev-
er, a self-referential subsystem: they are likely to seek to optimise their own output and 
thus achieve a higher degree of specialisation. In doing so, they may create technolog-
ical lock-ins. A tension could then emerge between the continuous self-optimisation of 
incumbents and the general perception that the system may no longer meet future re-
quirements, such as accounting for limited ecological capacities. 
 
Accordingly, in order to transform the technical layer of an electric power system, new 
components must be introduced and existing ones may have to be removed or altered. 
Such an endeavour can be achieved in two ways: either by welcoming new actors that 
have resources vital to the transformation of the system or by changing the value 
schemes of existing actors, for example through transformed business models, to con-
tribute to the overarching objective of SD. Whatever the case, either way calls for some 
form of coordination in the sense of overall frame-conditions enabling collective action. 
This will enable a collectively organised transformation of energy and material flows 
towards common objectives. 
 
To support the description of such governance as societal steering, I shall draw on the 
five structural elements of reflexive governance provided in section 7.6, elaborating key 
aspects of the structural elements to serve later as a basis to deduce social criteria re-
ferring to the instrumental features of SD for sustainability assessments of electric 
power systems. The emphasis is again on structural aspects of the social dimension. It 
is assumed that these structural, or functional, components are conditions for achieving 
collective action successfully. How they are further operationalised goes beyond the 
scope of my thesis: 
 
i) Guiding principles of SD. To enable collective action, researchers, policy 
makers and administrations, market actors and civil society actors that pos-
sess the knowledge and resources relevant to the future design of the sys-
tem in question contribute to a common vision of the future. Such a vision is 
often captured in strategy papers developed and published by correspond-
ing government agencies. According to the normative objectives of SD, the 
design of the technical functionality gives special consideration to ecological 
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capacities. In such contexts, scientists may provide the latest research on 
the system and share thoughts on adequate methodologies, such as how 
the normative requirements of SD may be operationalised. Suppliers and 
manufacturers share their technological and market experience, while envi-
ronmental agencies can be expected to contribute environmental issues to 
be resolved. Government agencies are likely to facilitate the process of cre-
ating a common vision by providing respective discussion arenas and pro-
duce reports on potential scenarios and their implications. 
 
ii) Steering rules. Assuming that a fact-based approach is sought, then a set 
of operationalised objectives and steering rules can be deduced based on 
the guiding principles of SD. The latter is meant to serve as a focal point for 
implementation initiatives and is designed to ease the process of defining 
criteria and corresponding general goals. Here, researchers may propose 
methodologies for formulating objectives and steering rules, while govern-
ment institutions are likely to transcribe commonly accepted objectives into 
laws. Civil society actors can be expected to seek to influence the transla-
tion of guiding principles into rules on behalf of their members. Once objec-
tives are defined, they can be expected to serve as a basis for suppliers and 
manufacturers to develop corporate strategies and business models. 
 
iii) Criteria and general goals. In order to measure whether societal develop-
ment is on track to meet the normative requirements of SD, criteria and 
general goals are defined and periodically evaluated. Scholars may propose 
criteria and general goals based on analytic approaches and advise the pol-
icy makers and government agencies who eventually decide on the criteria 
and goals to be used and monitored. Environmental agencies and sectoral 
unions can be expected to try to introduce their preferences into the defini-
tion of relevant criteria and general goals. 
 
iv) Organisational set-up and steering instruments. A structural set-up cre-
ates opportunity spaces for actors so they may contribute their part to the 
transformation of the system. Policy steering instruments are imposed to 
promote the accomplishment of mutually agreed objectives and thereby di-
rect the development of the system. Scientists research options related to 
organisational set-up and policy instruments that promote the development 
of systems towards a more sustainable state, and advise policy makers who 
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decide on the final design of instruments and put them into force. Such 
changes in regulatory frame conditions may put pressure on suppliers and 
manufacturers to revisit their solutions portfolio. Organised institutional ac-
tors once again seek to influence instruments on behalf of their members. 
 
v) Reflexive process. Ideally, manufacturers and suppliers extract data from 
their technical components and conduct sustainability reporting geared to 
the criteria and general goals previously defined by policy makers and envi-
ronmental agencies in order to share the latest data publicly. At the same 
time, researchers share their latest research on system components and 
dynamics. Policy makers incorporate knowledge obtained from reflexive 
processes into policy processes. Other actors, such as the media, sectoral 
unions and environmental agencies, can be expected to assume a reflexive 
role by paying special attention to dynamic interactions and observing sys-
tem developments to process lessons learned and draw attention to the un-
foreseen consequences or developments that may oppose sustainability tra-
jectories, thereby promoting a more profound understanding of the system. 
 
Based on this overview of steering aspects of reflexive transformation governance, I 
am in a position to develop an overview of the responsibilities assumed by researchers, 
policy makers and administrations, market actors and civil society actors. 
 
Accordingly, Figure 22 depicts the five structural elements of socio-ecological regimes, 
in a system subject to reflexive governance of change, organised collectively to 
achieve a transformation of electric power systems involving those actors who possess 
in-depth knowledge of system components and have some form of responsibility in de-
signing and implementing the future electric power system. This figure illustrates strong 
dependencies among actors to organise material and energy flows collectively in fa-
vour of human purposes, which plays a central role in transforming existing electricity 
systems to meet normative sustainability requirements. 
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Figure 22: Governance components for collectively organising the power system. 
 (Own elaboration) 
 
The description of the steering aspects of reflexive transformation governance serves 
as an ideal starting point to accomplish the task in this section: to systematically de-
duce criteria related to societal steering for sustainability assessments of electricity sys-
tems. I shall carry out this task based on the structural elements provided above. 
 
In order for reflexive governance to work, a continuous process of increasing under-
standing of the system is a necessary precondition. Accordingly, I propose to define a 
set of criteria related to researching system components and their interdependencies. 
Moreover, I shall introduce a criterion to measure the contributions of non-scientific ac-
tors to building knowledge. Furthermore, I propose to add two criteria related to the role 
of state actors to produce strategies for the development of the electric power system 
and provide discussion arenas to exchange knowledge on reflexive governance. 
 
As for the second structural feature, I propose to introduce a criterion related to scien-
tific proposals for breaking down the overarching objectives of the guiding principles of 
SD into a set of rules. Furthermore, I shall define a criterion to measure the adoption of 
steering rules in policies and the involvement of civil society actors in the process of 
determining rules. Moreover, I shall dedicate a criterion to the adaptation of strategies 
and business models by manufacturers and suppliers.  
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For criteria and general goals, I shall define a criterion related to scientific proposals 
and another one for government agencies in order to define criteria and general goals 
and incorporate them into their policy framework. In terms of engagement of organised 
institutional actors, I propose to reuse to the previously defined criterion on the in-
volvement of civil society, already defined for steering rules. 
 
I propose a very similar set of criteria also related to the organisational set-up and 
steering instruments: One criterion to deal with scientific proposals and a second one 
related to deploying policies. For market actors, I propose to use a criterion related to 
the efforts of suppliers and manufacturers in adapting their solutions offering, while the 
generic criterion for civil society actors to influence structural elements of reflexive gov-
ernance of change can also be reused for this structural element. 
 
I shall dedicate one criterion to scientists’ efforts to publish reports on system compo-
nents, system interdependencies or other research related to societal steering and one 
to the role of government agencies to incorporate knowledge obtained from reflexive 
processes in policies. Furthermore, I propose to dedicate one criterion to evaluate the 
sustainability reporting of manufacturers and suppliers and a fourth criterion to the role 
of organised institutional actors on observing and commenting system developments 
outside of sustainability trajectories. 
 
Accordingly, Table 11 lists the above elaborated criteria that are defined to capture so-
cietal steering aspects in sustainability assessments of electric power systems. 
 
Id Criteria for societal steering processes 
SS01 Research on system dynamics and interdependencies 
SS02 Research on societal steering 
SS03 Research on power infrastructure and electrical devices 
SS04 Research on ecological capacities 
SS05 Contribution of system knowledge and experiences gained 
SS06 Compilation of divisional strategy and scenarios 
SS07 Facilitation of arenas for public debates 
SS08 Proposals on steering and instrumental rules 
SS09 Adoption of steering and instrumental rules in laws 
SS10 Involvement of civil society 
SS11 Adaptation of strategies and business models 
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SS12 Proposals on criteria and general goals 
SS13 Adoption of criteria and general goals 
SS14 Proposals on organisational set-up and steering instruments 
SS15 Adoption of organisational set-up and steering instruments 
SS16 Adaptation of solutions offering 
SS17 Publishing of scientific reports 
SS18 Incorporation of findings into policies 
SS19 Conducting of sustainability reporting 
SS20 Monitoring of and commenting on system developments 
Table 11: Criteria for societal steering processes for electric power systems 
 (Own elaboration) 
 
By producing this last set of criteria related to societal steering processes, I have at-
tained the goal of this chapter, namely, to systematically deduce a set of criteria for 
sustainability assessments of electric power system according to the system bounda-
ries specified in chapter 8. Before moving on the next deliverable, I shall reflect on the 
scientific contributions of this chapter to the current debate on the operationalisation of 
sustainability assessments of electric power systems. 
 
9.5 Conclusions 
This chapter served the purpose of systematically deriving criteria for sustainability as-
sessments of electricity systems in accordance with the scope framed by the holistic 
representation of electric power systems provided in chapter 8. To deliver this output, I 
drew on methodologies related to energy and material flow analysis, as well as reflex-
ive environmental transformation governance. Against the backdrop of a multi-layered 
system representation, I systematically derived exemplary criteria which capture critical 
stages of energy, material and information flows in electricity systems. 
 
At this point, I would like to emphasise that even systematic analyses may not be able 
to cover every detailed facet of complex systems, such as electric power systems. I am 
fully aware that such systems are not likely to be fully represented due to the vast 
scope of such systems. Furthermore, technological developments or the definition of 
the scope of the assessment may also have an impact on the outcome as the following 
example illustrates: In an electric power system where today private mobility is based 
entirely on fossil fuels and a transition to a system relying exclusively on electric cars is 
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successfully carried out, electricity consumption can be expected to rise substantially. 
My proposed framework would be able to capture both the increase in the delivery of 
the corresponding energy service and electricity consumption. However, other positive 
effects would remain unidentified: The resulting contributions of such a system transi-
tion to combatting global warming and the depletion of the ozone layer are in this par-
ticular case not grasped. This can be traced back to the fact that environmental degra-
dation stemming from fossil fuel-based mobility is not part of the system scope. In con-
trast, distortions of ecosystems can be expected to increase if the rising electricity con-
sumption is catered for by new hydroelectric power plant capacities. This new form of 
environmental degradation would, however, be detected by the sustainability assess-
ment due to the system boundaries specified. The result could be interpreted as if the 
system had moved towards less sustainable trajectories, as some of the positive ef-
fects of the system transition lie outside of the scope of the sustainability assessment. 
 
In this chapter, however, I did not strive to provide a universally applicable set of com-
mon criteria for sustainability assessments of electric power systems, but rather sought 
to demonstrate that a systematic approach is able to transparently identify relevant 
stages in the electricity system and derive criteria for sustainability assessments. This 
increased transparency eases the process of facilitating mutual learning on appropriate 
methodologies and system scopes. 
 
With the results presented in chapters 8 and 9, I provided scientific contributions to the 
knowledge gaps related to the system in question for sustainability assessments of 
electric power systems. This was done to provide a basis for evidence-based decision 
making. Naturally, this raises the question how my contributions differ from the litera-
ture reviewed in chapter 4. At this point, however, I shall postpone such a comparative 
analysis to chapter 12, where I shall discuss my contributions in comparison to the re-
search sample. I shall proceed by drawing attention in chapters 10 and 11 to the nor-
mative and instrumental aspects of SD and thereby strive to formulate general goals to 
the criteria identified in this chapter based on the guiding principles of SD. These con-
tributions are expected to ultimately enhance goal-oriented decision-making support for 
the long-term development of key systems.  
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10 Steering rules 
In order to formulate general goals for criteria that mirror the normative requirements of 
SD, one has to decide on an interpretation for the guiding principles. However, scholars 
generally agree that such interpretations are too ambiguous to guide policy making or 
for setting tangible goals for criteria in sustainability assessments (Holden & Linnerud 
2007). Such interpretations are likely to offer broad objectives that point to societal de-
velopment trajectories which may be subject to change (Van Zeijl-Rozema, Cövers, 
Kemp & Martens 2008), rather than, for example, precise caps for greenhouse gas 
emissions or maximum thresholds for resource consumption. However, as proposed in 
section 7.7, one could try to break down the normative cornerstones of a recent scien-
tific interpretation of SD into mutually exclusive, but more tangible objective dimen-
sions, and steering and instrumental rules. Such systematic multi-step deductive rea-
soning could facilitate a process that would sufficiently enrich the interpretation chosen 
and produce the specific goals to be used for criteria in sustainability assessments. 
 
Accordingly, the purpose of this chapter is to enrich the normative features of the SD 
conception through such a sequential process: Firstly, I shall formulate a set of objec-
tive dimensions capturing the overarching normative essence of the interpretation of 
SD formulated in section 7.5. These objective dimensions will apply to electric power 
systems in order to later serve as a basis for producing general goals for criteria in sus-
tainability assessments of power systems. Secondly, I shall derive more detailed steer-
ing and instrumental rules for each objective dimension. Thirdly, in the last section of 
this chapter, I shall formulate general goals for each criterion for sustainability assess-
ments based on these rules. Throughout this process, I shall elaborate on and argue 
for each of the steps to shed light on how the normative notions of SD are ultimately 
translated into general goals for criteria in sustainability assessments. 
 
While such endeavours are obviously prone to subjective interpretations and the result 
can be expected to vary among different authors, I deem this procedure valuable as it 
provides transparency on how the normative notions of SD are translated into goals for 
criteria in sustainability assessments. Furthermore, this process follows a systematic 
procedure that is less likely to succumb to biases. Lastly, in this chapter I shall focus on 
deducing steering rules and general goals for criteria that are related to the question 
What should be sustained? These goals will ultimately be complemented with instru-
mental rules and general goals for criteria on How should this be sustained? I shall 
produce the deliverables related to instrumental aspects in chapter 11.  
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10.1 Objective dimensions 
The objective dimensions that I intend to deduce in this chapter have to meet three re-
quirements. Firstly, they have to mirror the normative notions of SD to enable an eval-
uation of system data against predefined sustainability goals. In the absence of refer-
ences to the normative requirements of the guiding principles, it remains contested 
whether a system that meets its general goals actually preserves opportunity spaces 
for future generations. There is, however, one well-known challenge associated with 
such approaches: the objective dimensions defined are likely to differ depending on the 
interpretation of the SD chosen. As argued previously, the ambiguous definition of SD 
provided by the Brundtland Report and independent application of related instruments 
in different countries have given rise to several distinct interpretations, ranging from 
ecological sustainability to focusing on societal steering aspects or the relevance of lo-
cal specifics (Brand & Karvonen 2007; Hueting & Reijnders 2004; McCool & Stankey 
2004). Against this backdrop, it becomes apparent that I have to base my work in this 
section on one specific interpretation of SD. 
 
I shall draw on the interpretation presented in section 7.5: Sustainable development 
aims to achieve well-being by considering ecological frame conditions, such as produc-
tivity and the resilience of ecosystems, that are vital for future human well-being, and 
the potential for societal transformation (Burger et al. 2018). 
 
Secondly, objective dimensions must be applicable to the system in question, which in 
my case is the electric power system. Modern societies rely on several key systems 
that provide outputs that are critical for human populations. Education systems, for ex-
ample, seek to transfer knowledge from technical experts to individuals and thereby 
develop human capital. Accordingly, scientists and teachers argue that the function of 
the education system lies with generating and passing knowledge on to others (Cheng 
2013). Today, energy flows are of lesser importance in education systems, as they only 
have a critical purpose in some types of learning methods, such as distance learning, 
and education subjects, such as information and communication technology (Fojtik 
2015). In electric power systems, however, energy flows are a prerequisite for the sys-
tem to perform its function of delivering energy services to improve well-being (Ahmad, 
Mathai & Parayil 2014). Against this backdrop, I argue that objective dimensions need 
to address the specifics of systems and that objective dimensions may vary across dif-
ferent systems. Furthermore, I argue that in order for objective dimensions to serve 
their purpose, they have to impose normative requirements on the functional elements 
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of the system in question, including their enabling and constraining factors. In electric 
power systems, the technical components are responsible for transforming natural en-
ergy and material flows into energy services through societal steering processes. Ac-
cordingly, I argue that objective dimensions for electric power systems will have to re-
late to these aspects of electric power systems in order to serve as a basis for opera-
tionalising SD through sustainability assessments. 
 
Thirdly, there is generally agreement among scholars that the guiding principles of SD 
entail normative and instrumental aspects. While the features that safeguard opportuni-
ty spaces for future generations are directed at the question What should be sus-
tained?, instrumental notions are directed at How should this be sustained? In order to 
cover both aspects, I shall need to draw up a set of rules that addresses both ques-
tions. For the sake of transparency, I shall divide my contributions on What should be 
sustained? and How should this be sustained? into two different chapters. I shall dedi-
cate chapter 10 to setting goals related to What should be sustained? and thus I will 
postpone answering the other question until chapter 11. Against this backdrop, I shall 
formulate objective dimensions related to the question What should be sustained? for 
electric power systems by enrichin the above-mentioned interpretation of SD into dis-
tinct objective dimensions. Accordingly, I shall proceed by formulating the objective di-
mensions related to the question What should be sustained? 
 
The conception of SD seeks to establish a balanced approach to achieving develop-
ment and environmental conservation (WCED 1987). In this thesis, I argue that electric 
power systems deliver the crucial energy services required to achieve human well-
being and to enable the provision of goods and services. Accordingly, there is good 
reason to believe that if a society were to curtail the delivery of energy services that are 
essential to users, it would likely result in lower levels of human well-being (Ahmad, 
Mathai & Parayil 2014). Furthermore, the delivery of essential energy services does not 
lead to an erosion of the ecological capital per se; rather the technologies applied to 
deliver these are the things that are responsible for lesser or higher levels of environ-
mental degradation (Afgan, Carvalho & Hovanov 2000; Evans, Strezov & Evans 2009; 
Roth et al. 2009; Stamford & Azapagic 2011). Against this backdrop, it is reasonable to 
argue that electric power systems will likely continue to provide energy services to 
serve human purposes in the future due to the effectiveness they exhibit in achieving 
human well-being. Accordingly, I shall dedicate the first objective dimension to the de-
livery of energy services in electric power systems: 
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1) Provision of energy services to serve human purposes 
 
A hallmark of the guiding principles of SD is the recognition that current business prac-
tices and consumption patterns in industrialised nations erode global ecological capital 
thus creating the risk that future generations may no longer be able to meet their 
needs. Accordingly, it is thought that development patterns will have to change (Kemp, 
Parto & Gibson 2005; Meadowcroft 2011). Our planet produces a wide range of essen-
tial resources and services required for technologies, including power plants and elec-
tricity grids in electric power systems, to ultimately result in human well-being. In elec-
tric power systems, there are two distinct biophysical flows that draw on natural re-
sources and serve human purposes: (i) energy flows (Sassoon et al. 2009) and (ii) ma-
terial flows (Raj, Ghandehariun, Kumar & Linwei 2016; Şengül, Bayrak Aydınalp Köksal 
& Ünver 2016). Since SD imposes the obligation to preserve the ecological capital for 
future generations, I shall dedicate a specific objective dimension to both energy flows 
and material flows. 
 
Energy flows can be classified into two distinct types: renewable and non-renewable 
energy fluxes or carriers. In this regard, the Brundtland Report proposed that societal 
development should take place only within the planet’s ecological means (WCED 
1987). Since non-renewable energy carriers are limited to their reserves or resources, 
such as in the case of coal (Thomas 2013), I argue that in electric power systems the 
priority should lie with exploring renewable energy fluxes and carriers. The latter cannot 
be exhausted and by tapping into the potential of this inexhaustible source of energy, 
no natural capital is irreversibly spent or made unavailable for future generations. Since 
electricity has become an indispensable fuel for modern societies to thrive (Ahmad, 
Mathai & Parayil 2014), however, I shall refrain from imposing a condition that fully 
prohibits the exploitation of non-renewable energy carriers. Accordingly, I argue that 
the second objective dimension should ensure that renewable energy fluxes or carriers 
are explored first before expending finite non-renewable energy carriers: 
 
2) Exploitation of renewable sources of energy before non-renewable ones 
 
Further, power infrastructure and electrical devices alter material flows by consuming 
resources such as metals or water. Exploiting these resources holds the risk of ex-
hausting resource stocks (Afgan, Carvalho & Hovanov 2000; Gallego Carrera & Mack 
2010; Hirschberg et al. 2005; Kowalski, Stagl, Madlener & Omann 2009; Onat & Bayar 
2010). Furthermore, scientific evidence suggests that today some technical compo-
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nents of electric power systems have an adverse effect on the atmosphere, ecosys-
tems and the Earth’s crust through pollutant emissions (Atilgan & Azapagic 2015; 
Brizmohun, Ramjeawon & Azapagic 2015; Duncan et al. 2013; Fearnside 2016; 
Hirschberg et al. 2005; Raugeri & Leccisi 2016; Sheldon, Hadian & Zik 2015). A key is-
sue here is that the visible effects of these forms of environmental degradation are de-
layed: While current generations benefit from the improvements in human well-being 
attributed to the delivery of energy services, it is expected that future generations will 
encounter ecosystems with diminished service provision potential, such as extreme 
weather events stemming from global warming or nuclear radiation caused by nuclear 
power plants (Aliyu, Evangeliou, Mousseau, Wu & Ramli 2016; IPCC 2007). Since SD 
was specifically developed to counter such adverse developments in favour of future 
generations (WCED 1987), I shall formulate a third objective dimension directed at ma-
terial flows. In line with the previously provided interpretation of SD, it will not, however, 
address issues related to resource scarcity only, but will also acknowledge more re-
cently discovered increases in ecosystem fragility. Hence, it aims to secure resource 
efficiency and ecosystem services. 
 
3) Efficient resource consumption and the preservation of ecosystems 
 
These three objective dimensions encompass the key themes of the current scientific 
interpretation of SD (Burger et al. 2018): The first objective dimension aims to secure 
human well-being and the provision of goods and services for current generations, 
whereas the second and third objective dimensions are directed at securing a produc-
tive environment for future generations. 
 
Accordingly, Figure 23 depicts the functional components of electric power systems on 
the left-hand side, while the normative features of SD are shown in the upper part of 
the diagram. The figure highlights the fact that the objective dimensions relate to both 
the interpretation of SD and the functional elements of electric power systems with their 
enabling and constraining factors but excluding governance. Moreover, a brief sum-
mary of each objective dimension is provided in the white boxes. 
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Figure 23: Normative objective dimensions for electric power systems 
 (Own elaboration) 
 
In order to operationalise SD for electric power systems by means of a framework for 
sustainability assessments, these objective dimensions need to be translated with fur-
ther interpretations into more specific steering rules. These rules then may serve as a 
basis for formulating general goals for criteria in sustainability assessments. According-
ly, I shall proceed by defining and arguing for a set of steering rules for each objective 
dimension. 
 
10.2 Steering rules 
To systematically define steering rules for sustainability assessments of electric power 
systems, mirroring those normative requirements of SD that are directed at the ques-
tion What should be sustained?, I shall apply the same procedure to define objective 
dimensions. In order to formulate a set of steering rules applicable to electric power 
systems, I shall also draw on the detailed analysis of energy services, energy flows and 
material flows conducted in chapter 9. 
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In the previous section, I argued in favour of an objective dimension specifically di-
rected at energy services: Provision of energy services to serve human purposes. Ac-
cordingly, I shall proceed by first dedicating a set of steering rules for those energy ser-
vices that I deem relevant. As a starting point, Table 12 displays the energy services 
provided by electricity systems that serve human purposes, as identified in chapter 9: 
 
Energy service 
Provision of lighting 
Provision of heating 
Provision of cooling 
Provision of cooking 
Provision of cleaning 
Provision of information 
Provision of communication 
Provision of entertainment 
Provision of recreation 
Provision of fuelling of mobility 
Provision of goods and services 
Table 12: Summary of energy services 
 (Own elaboration) 
 
At the same time, however, I will also draw on the previously selected interpretation of 
SD, which supports the normative requirement to ensure that future generations will al-
so be able to achieve well-being (Burger et al. 2018). Hence, I argue that energy ser-
vices will also be provided in the future as a result of the severe implications arising for 
individuals, government institutions and corporate enterprises should they become un-
available (Osman, Gachino & Hoque 2016). 
 
Against this backdrop, I argue that the delivery of essential energy services also has to 
be evaluated in sustainability assessments to assess whether power infrastructure and 
electrical devices both refrain from eroding the ecological capital of Earth and contrib-
ute to societal development. This, however, begs the question as to whether all the 
above energy services are to be considered essential. Without going into a detailed 
discussion on the contribution of energy services to human well-being here, I argue 
that the vast majority of these services serve essential human purposes and I have al-
ready argued for their relevance in section 9.1. Human beings face various health-
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related risk (Hajat et al. 2016; Hatvani-Kovacs, Belusko, Skinner, Pockett & Boland 
2016; Ni et al. 2016) and scientific evidence suggests that the energy services of heat-
ing, cooling, cooking and cleaning help to safeguard human health. Similarly, the ener-
gy services of information, communication and fuelling of mobility have become ex-
tremely important in modern societies for cultivating contacts and organising collective 
action in a globalised world (Jones, Harms & Heinen 2016; Lee, Chen & Chan 2017). 
Moreover, the benefits of lighting to increase human productivity are widely acknowl-
edged (Juslén, Wouters & Tenner 2007). Furthermore, the generic energy service di-
rected at enabling manufacturing and provision of goods and services increases 
productivity and enables greater levels of process automation (Carpanzano & Jovane 
2007). Against the backdrop of increasing populations, these contributions are often 
considered vital by scholars (Mollik, Rashid, Hasanuzzaman, Karim & Hosenuzzaman 
2016). Since several scientific studies also highlight the relevance of recreation and en-
tertainment for human health (Bartsch & Viehoff 2010; Buchecker & Degenhardt 2015), 
I shall also consider these energy services to be relevant. 
 
Accordingly, I propose a set of steering rules related to the delivery of energy services. 
I shall, however, combine those energy services that serve similar purposes. More 
specifically, I propose to apply the following rules related to energy services, knowing 
that this is an open list that can be expected to change from time to time: 
 
1.1 Electric power systems enable the provision of lighting 
1.2 Electric power systems enable the provision of heating and cooling 
1.3 Electric power systems enable the provision of cooking and cleaning ser-
vices 
1.4 Electric power systems enable information and communication services 
1.5 Electric power systems enable entertainment and recreation 
1.6 Electric power systems provide for electric transport 
1.7 Electric power systems enable the provision of goods and services 
 
I shall dedicate the first steering rule to lighting which among other things increases the 
number of hours in which individuals and workers may be active (Juslén, Wouters & 
Tenner 2007). I opt to merge energy services on heating and cooling into the same 
rule, as both alter the ambient temperature for the sake of comfort. Furthermore, I pro-
pose a rule related to cooking and cleaning since both energy services encompass a 
wide range of household appliances and aim to safeguard human health either by im-
proving hygiene or in the proper preparation of food (Jarvis et al. 2016). Moreover, I 
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consolidate energy services for information and communication into a single rule, as 
such services draw on the same type of electric devices (Vorderer, Krömer & Schnei-
der 2016). I also amalgamate entertainment and recreation into one rule as both ener-
gy services are thought to promote human health. Lastly, I dedicate one rule to electric 
mobility and another to the manufacturing of goods and services. 
 
The next step encompasses drawing a set of rules related to those aspects of SD that 
are concerned with maintaining the ecological capital. In accordance with the second 
objective dimension Exploitation of renewable sources of energy before non-renewable 
ones, I shall produce a set of rules dedicated to energy flows. 
 
According to the second objective dimension, power infrastructure and electrical devic-
es should enable energy services without undermining the ecological capital of our 
planet. In terms of energy flows, I already argued in the previous section that renewa-
ble sources of energy should be given priority over fossil fuels or nuclear energy carri-
ers. In other words, the potential of non-renewable energy carriers should only be uti-
lised when, as a result of unavailability, excessive cost or lack of trade treaties with 
neighbouring states, renewable energy fluxes or carriers fail to enable the necessary 
power generation (Bigerna, Bollino & Micheli 2016; Rouhani, Niemeier, Gao & Bel 
2016). While estimates on the extent of fossil and mineral fuels remain contested, their 
finite nature is unchallenged (Bauer et al. 2016; Shafiee & Topal 2009). Against this 
backdrop, I propose a rule that allows non-renewable energy carriers to be exploited 
the extent that they are in the future in principle substituted by renewable energy fluxes 
or carriers. Under this condition, future generations can still be expected to achieve 
human well-being. 
 
Furthermore, attention needs to be paid to renewable energy carriers that can be over-
exploited. Accordingly, I argue that the consumption of renewable energy carriers has 
to lie within regeneration rates. In cases of biomass power plants, for example, mal-
practices in agriculture can cause severe forms of soil erosion potentially leaving the 
land unfertile for future generations as a result of nutrient losses (Ferreira, Panagopou-
los, Cakula, Andrade & Arvela 2015; Merten & Minella 2013). 
 
Moreover, I also argue that striving for a sustainable electric power system also re-
quires aiming for the highest possible overall energy efficiency to minimise the need to 
tap into the potential of energy carriers. Nuclear power plants, for example, are for the 
time being only able to harvest a fraction of the energy stored in uranium. Expending 
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such energy carriers with today’s technologies results in nuclear waste that still holds 
significant amounts of energy (Fiori & Zhou 2015; Gao & Ko 2014). 
 
Accordingly, I suggest applying the following three steering rules related to energy 
flows in electric power systems to ensure that these rely mainly on renewable energy 
fluxes and carriers and exhibit as high energy efficiency levels as possible: 
 
2.1 Renewable sources of energy are exploited while non-renewable energy 
carriers serve as residual sources 
2.2 The consumption of renewable sources of energy does not exceed regen-
eration rates 
2.3 Electric power systems strive for highest possible energy efficiency 
 
The final task of this section concerns producing rules for material flows in electricity 
systems. These rules have to contribute to the third objective dimension: Efficient re-
source consumption and the preservation of ecosystems. It is common knowledge that 
SD strives to provide human well-being for both current and future generations. The in-
terpretation chosen in this work recognises that current consumption patterns in West-
ern societies are among other things a major driver of environmental degradation 
(Burger et al. 2018). These consumption patterns are broadly acknowledged to result in 
high levels of resource consumption and pollution (Duarte, Mainar & Sánchez-Chóliz 
2013; Kalmykova, Rosado & Patrício 2016). Against this backdrop, I argue for a rule 
that imposes a critical threshold for resource consumption that corresponds to natural 
regeneration or recycling rates. Similarly, I argue for a second rule that prevents pollu-
tion from breaching a critical threshold as well (Bosello & De Cian 2014; IPCC 2007).37 
 
Furthermore, since SD seeks to safeguard human well-being for future generations as 
well, I argue that the catastrophic risks presented by components of the power infra-
structure, such as nuclear power plants, should be mitigated as much as possible. Cat-
astrophic events or accidents caused by these components are perceived as having 
long-lasting effects on both the environment and human health, including serious ill-
nesses caused by exposure of nuclear radiation for example, which may affect the op-
portunity spaces of future generations (Beresford et al. 2016; Danzer & Danzer 2016).  
                                               
37
 The idea behind this proposal is that scientists are in a position to determine tipping points 
for regenerative resource stocks and emission sinks. I acknowledge, though, that the most 
prominent examples of such thresholds, such as the climate change target of preventing 
an increase of global mean temperature of +2 degree Celsius, are merely a political con-
sensus on appropriate risks to be borne by society. 
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Moreover, I argue that ecosystems, which among other things produce resources, 
should also be protected from the environmental degradation caused by the construc-
tion and operation of power infrastructure (Hamilton, Trimmer, Bradley & Pinay 2016; 
Saswattecha, Kroeze, Jawjit & Hein 2015). Likewise, emission sinks, which play a vital 
role in allowing for a high level of pollutant emissions to be tolerated, should also be 
conserved. In Borneo, deforestation caused by the production of palm oil for biomass 
energy is a prominent example of the environmental degradation of emission sink ca-
pacities caused by energy systems (Susanti & Maryudi 2016). The destruction of such 
ecosystems essentially imposes greater restrictions on fossil fuel-based power genera-
tion, assuming that global warming is sought to be prevented (IPCC 2007). 
 
Lastly, there are ecosystems that should be protected from environmental degradation, 
as these ecosystems provide critical services for human well-being or are deemed to 
be of great intrinsic value38 (Delgado & Marín 2016; Knüppe & Knieper 2016). Drawing 
on a more recent interpretation of SD (Burger et al. 2018), it becomes obvious that 
such ecosystems should not be made available for power infrastructure nor should they 
be adversely affected by pollution emanating from the technical components of the 
electric power system as they might impede opportunity spaces of future generations. 
Accordingly, I propose six rules for material flows to be applied in sustainability as-
sessments of electric power systems: 
 
3.1 Consumption of resources does not exceed regeneration and recycling 
rates 
3.2 Emissions caused by the power infrastructure remain within the extent of 
emission sink capacities 
3.3 Actors face minimal risk exposure with regard to catastrophic events and 
serious accidents and illnesses 
3.4 Resource stocks are shielded from the adverse effect of power infrastruc-
ture 
3.5 Emission sinks are safeguarded against degradation caused by power in-
frastructure 
3.6 Key ecosystems are protected from emissions emanating from the power in-
frastructure 
 
                                               
38
 Prominent examples are ecosystems containing fresh spring water, coral reefs with excep-
tionally high biodiversity or forests offering protection from windstorms, landslides, flooding 
or avalanches. 
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These rules aim to serve as a basis for deriving general goals for criteria in the next 
section. At this point, I would like to emphasise once again that the exemplary rules 
produced here are closely related to the interpretation of SD chosen in section 7.5 and 
the arguments proffered for what is essential to sustain. Should I have opted for a dif-
ferent interpretation of SD, then these rules could be expected to be different: A reduc-
tion of SD in environmental conservation, for instance, is likely to have led to the omis-
sion of the rules related to energy services. Furthermore, the rules depend on the sys-
tem under review: The rules are not fully applicable or translatable to other systems de-
livering critical outputs to society, such as water supply or agricultural systems.  
 
Figure 24 gives an overview of the proposed steering rules for electric power systems 
mapped to the corresponding objective dimensions. The diagram is based on the pre-
vious figure and shows the functional parts of the system on the left-hand side and 
normative aspects of SD in the upper part of the figure. Hence, the diagraph highlights 
that steering rules are based on the SD model but directed at electric power systems. 
 
 
Figure 24: Steering rules for electric power systems 
 (Own elaboration) 
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With the contribution of this section and the previous work on analysing relevant flows 
in electric power systems, I have provided both the prerequisites for formulating gen-
eral goals for criteria for sustainability assessments of electric power systems. In chap-
ter 9 I systematically deduced a set of criteria for sustainability assessments of electric 
power systems framed according to the holistic system representation crafted in chap-
ter 8. In this section, I formulated steering rules based on a current interpretation of SD. 
Accordingly, I shall proceed by formulating general goals for criteria based on the 
steering rules produced in this section. Once more I shall draw on the same approach. 
 
10.3 General goals 
Electric power systems serve the purpose of delivering energy services to private 
households, government agencies and corporate enterprises to improve human well-
being and enable the provision of goods and services. In chapter 9, I identified those 
energy services that are considered essential in modern societies. In section 10.2, I 
then formulated a set of steering rules referring to energy services. These rules impose 
the condition that electric power systems should deliver energy services to their users 
in general. Since energy services are consumed based on demand, I shall refrain from 
specifying more detailed requirements, such as what quantity is to be provided. Ac-
cordingly, I shall neither formulate predefined quantitative goals for energy services to 
be met nor ranges of tolerance levels to be maintained. I shall merely stipulate that en-
ergy services are to be provided based on the demands of actors within the system. 
 
I shall, however, introduce a restriction: at this point, I shall introduce a distinction be-
tween legitimate demand and luxury demand39. Since the chosen interpretation of SD 
relates to the striving to secure human well-being for current and future generations 
(Burger et al. 2018) and the delivery of energy services requires finite natural resources 
or energy carriers (Afgan, Carvalho & Hovanov 2000; Gallego Carrera & Mack 2010; 
Hirschberg et al. 2005; Kowalski, Stagl, Madlener & Omann 2009; Onat & Bayar 2010), 
I argue that the system should primarily strive to meet legitimate demand. Against this 
backdrop, I shall introduce a corresponding condition based on the assumption that on-
ly a small fraction of the population benefits from luxury demand and scientific evidence 
suggests that luxury demand consumes vast quantities of energy and causes pollution 
                                               
39
 For this thesis, I shall define legitimate demand as the demand for goods and services that 
are consumed in order to achieve human well-being in line with the previous interpretation 
of SD (Burger 2017). Based on this interpretation, a typical example of luxury demand in 
electricity systems are electrical heating systems for private swimming pools and saunas. 
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(Parker 2003; Mousia & Dimoudi 2015). Based on this restriction, Table 13 lists the 
proposed criteria for energy services, as defined in section 9.1, with corresponding 
general goals based on the rules for energy services, as formulated in section 10.2. 
 
Id Criteria for energy services General goals for the provision of energy 
services to serve human purposes 
ES01 Provision of lighting Meet legitimate demand for lux 
ES02 Provision of heating Meet legitimate demand to increase temperature 
ES03 Provision of cooling Meet legitimate demand to decrease temperature 
ES04 Provision of cooking Meet legitimate demand for calories and nutrients 
ES05 Provision of cleaning Meet legitimate demand to reduce pollution 
ES06 Provision of information Meet legitimate demand to obtain data 
ES07 Provision of communication Meet legitimate demand to exchange data 
ES08 Provision of entertainment Meet legitimate demand to obtain data 
ES09 Provision of recreation Meet legitimate demand for recreation 
ES10 Provision of fuelling for mobility Meet legitimate demand regarding kilometres covered 
ES11 Provision of producing of goods and services Meet legitimate demand to power devices 
Table 13: Criteria and general goals for energy services 
 (Own elaboration) 
 
To provide such energy services, power infrastructure draws on energy fluxes and car-
riers, converts energy into electricity and drives electrical appliances (Clough, Saad & 
Gould 2013). In section 9.2, I divided the sources of energy into four categories: re-
newable energy fluxes, which are provided infinitely, renewable energy carriers, which 
are produced according to regeneration rates (Twidell & Weir 2015) and both finite 
stocks of fossil energy carriers and nuclear energy carriers (Wiser 1999). 
 
In order to answer the question on what energy sources are to be exploited, I shall re-
fer to steering rule Renewable sources of energy are exploited while non-renewable 
energy carriers serve as residual sources. This rule provides guidance on which 
sources of energy should be harvested and to what degree their potential should be 
exploited. Against this backdrop, I argue that the potential of renewable energy fluxes 
can be fully exploited without restriction due to their infinite availability. Furthermore, 
suppliers can tap into the potential of renewable energy carriers. However, and here at-
tention needs to be paid to steering rule 2.2 The consumption of renewable sources of 
energy does not exceed regeneration rates, based on this condition, electric power 
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systems should only draw from renewable energy carriers to the extent of their regen-
eration rates. If actors adhere to this rule, then renewable energy carriers may serve 
human purposes indefinitely. Accordingly, I shall define a general goal for the criterion 
on renewable energy carriers, that is, that such energy stocks are not to be depleted. 
 
According to steering rule 2.1, however, fossil and mineral fuels should only be utilised 
whenever renewable sources of energy fail to generate the demanded quantities of 
electric power. The aim of steering rule 2.1 thus essentially lies in safeguarding as 
much of the non-regenerative fossil and mineral energy carrier stocks for future gen-
erations or until technologies are available with more efficient conversion rates (Hore-
Lacy 2016). Should renewable energy fluxes or carriers not be able to cater for the 
electricity demand, then suppliers have to decide on using fossil or mineral energy car-
riers to bridge supply gaps. However, fossil fuel-based power generation has two dis-
tinct advantages over nuclear power:  
 
i) Ecological impact. Although scientific evidence suggests that the combus-
tion of fossil fuels drives climate change (IPCC 2007), the adverse environ-
mental impacts of nuclear power are considered by some politicians and re-
searchers to be more long-lasting. As a result of radiation, the disposal of 
nuclear waste requires long-term storage of spent fuel rods in deep geologi-
cal repositories (Edwards, Bindra & Sabharwall 2016). Moreover, nuclear 
power plants expose human populations to catastrophic risks and system 
failure (Lewis et al. 1979; Wheatley, Sovacool & Sornette 2016). According-
ly, there is a general perception that nuclear power passes significant costs 
and risks on to future generations (Kula 2015). 
 
ii) Power generation flexibility. Some generation loads of fossil fuel-based 
power generation technologies are more flexible than nuclear power or can 
also be used for heating purposes. Accordingly, they can more easily com-
plement the erratic power generation of some power plant technologies that 
convert volatile renewable energy fluxes into power (Mikkola & Lund 2016). 
 
Against this backdrop, I argue that considering the long-lasting effects of nuclear power 
and its limitations with regard to complementing renewable power generation, fossil 
fuels should rather serve as a last resort for power generation and not nuclear power. 
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While steering rules 2.1 and 2.2 provide guidance on answering questions on what en-
ergy fluxes and carriers should be exploited and to what extent, steering rule 2.3 Elec-
tric power systems strive for highest possible energy efficiency is directed at safeguard-
ing the efficient use of sources of energy by aiming for the highest possible overall en-
ergy efficiency ratio. To measure system efficiency, scholars often resort to methods 
that compare total primary energy use against electricity consumed (Swing Gustafsson, 
Gustafsson, Myhren & Dotzauer 2016). While such methods clearly shed light on the 
overall efficiency of the power infrastructure, I propose to compare primary energy use 
with the provision of energy services to consumers to measure electricity consumption 
against the output of devices. In any case, implementing rule 2.3 allows for energy effi-
ciency to be assessed and aims to reduce energy consumption. In practice, such ap-
proaches often result in partly crowding out fossil and mineral fuels due to their poor 
primary energy performance (Stulz, Tanner & Sigg 2011). Should this steering rule be 
attained, then other positive effects can be expected, as increased energy efficiency 
requires fewer natural resources and causes less pollution (Meyers, Schmitt, Chester-
Jones & Sturm 2016). Steering rule 2.3 can be applied to each individual energy ser-
vice and the power system as a whole in order to determine sources of inefficiency. 
 
Based on this analysis, I am in a position to match steering rules with criteria on energy 
flows, as defined in section 9.2, to compute general goals for these criteria. Following 
the above line of reasoning, I propose to allow unlimited exploitation of renewable en-
ergy fluxes, while renewable energy carriers should be harvested in accordance with 
their regeneration rates. Furthermore, I propose to refrain from exploiting nuclear ener-
gy carriers to secure the delivery of energy services, and assign fossil fuels the role to 
serve as a residual source of energy in the case of a supply shortage. As for criteria re-
lated to the provision of energy services, I propose to strive for the highest possible 
output-to-efficiency ratio. Accordingly, Table 14 lists the criteria for energy flows as 
specified in section 9.2 and general goals mirroring the requirements of rules 2.1 to 2.3. 
 
Id Criteria for energy flows General goals for the exploitation of renewa-
ble sources of energy before the exploitation 
of non-renewable ones 
EF01 Provision of renewable energy fluxes No degradation of sources of energy fluxes 
EF02 Provision of renewable energy carriers No degradation of sources of energy carriers 
EF03 Provision of nuclear energy carriers No degradation of reserves 
EF04 Provision of fossil fuel-based energy carriers No degradation of reserves 
EF05 Consumption of renewable energy fluxes Unlimited use of energy fluxes 
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EF06 Consumption of renewable energy carriers Use of energy carriers within regeneration rates 
EF07 Consumption of nuclear energy carriers Do not use at all 
EF08 Consumption of fossil fuel-based energy carri-
ers 
Use of energy carriers only in the absence of renewa-
ble energy sources 
EF09 Energy use for lighting Attain highest possible ratio of lux/W 
EF10 Energy use for heating Attain highest possible ratio of degree Celsius/W 
EF11 Energy use for cooling Attain highest possible ratio of degree Celsius/W 
EF12 Energy use for cooking Attain highest possible ratio of kcal/W 
EF13 Energy use for cleaning Attain highest possible ratio of pollution cleaned/W 
EF14 Energy use for information Attain highest possible ratio of unit of data/W 
EF15 Energy use for communication Attain highest possible ratio of unit of data/W 
EF16 Energy use for entertainment Attain highest possible ratio of unit of data/W 
EF17 Energy use for recreation Attain highest possible ratio of hours/W 
EF18 Energy use for fuelling of mobility Attain highest possible ratio of km/W 
EF19 Energy use for manufacturing of goods and 
services 
Attain highest possible ratio of unit of output/W 
EF20 Overall energy efficiency Attain lowest possible conversion losses 
Table 14: Criteria and general goals for energy flows 
 (Own elaboration) 
 
In order to build and operate power infrastructure and electrical devices natural re-
sources are spent (Afgan, Carvalho & Hovanov 2000; Gallego Carrera & Mack 2010; 
Hirschberg et al. 2005; Kowalski, Stagl, Madlener & Omann 2009; Onat & Bayar 2010). 
This begs the question: How many resources can be exploited without jeopardising de-
velopment paths of future generations? In order to define a tolerable level for resource 
consumption, I shall refer to steering rule 3.1 Consumption of resources does not ex-
ceed regeneration and recycling rates. This steering rule allows restrictions on re-
source quantities to be spent for the construction and operation of power infrastructure 
and electrical devices to be formulated: the exploitation of renewable resources, such 
as water or wood, should not exceed the regeneration rates, while the consumption of 
non-renewable resources, like metals, should not exceed the recycling rates. 
 
While the previous steering rule regulates the consumption levels of natural resources, 
steering rule 3.2 Emissions caused by the power infrastructure remain within the extent 
of emission sink capacities is directed at limiting the pollution caused by power sys-
tems. As elaborated in section 9.3, the technical components of electricity systems are 
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known to cause a wide range of pollutant emissions40 (Atilgan & Azapagic 2015; Briz-
mohun, Ramjeawon & Azapagic 2015; Duncan et al. 2013; Fearnside 2016; Hirschberg 
et al. 2005; Raugeri & Leccisi 2016; Schenler, Hirschberg, Burgherr, Makowski & 
Granat 2009; Sheldon & Hadian 2015). Since some quantities of hazardous emissions 
can be broken down by emission sinks (Muñoz-Vallés et al. 2016; Vanhala et al. 2016), 
I argue that, to prevent long-term environmental degradation, the pollution emanating 
from these technical components should not exceed the absorption capacities of emis-
sion sinks. 
 
Furthermore, the technical components of electric power systems also expose human 
settlements to further, more acute threats. These risks, such as exposure to cata-
strophic accidents, electromagnetic radiation, land contamination or nuclear radiation, 
can obviously have serious effect on human health (He, Wang & Huang 2008; Lewis et 
al. 1979; Nascimento Medeiros & Ganz Sanchez 2016; Wheatley, Sovacool & Sornette 
2016). According to steering rule 3.3 Actors face minimal risk exposure with regard to 
catastrophic events and serious accidents and illnesses, such risk exposure should be 
mitigated as much as possible. Steering rules 3.2 and 3.3 are also directed at maintain-
ing a high level of human life expectancy. Accordingly, I shall define a general goal that 
life expectancy should not be adversely affected by electricity systems. 
 
Moreover, the availability of natural renewable resources, such as timber or fibre, de-
pends on the size of resource stocks and the regeneration rates. At the same time, 
non-renewable resources, like metals and minerals, do not regenerate naturally, but 
can be recycled recycling plants (Colling, Oliveira, Reis, Da Cruz & Hunt 2016; Foelster 
et al. 2016). While both types of resource stock comprise the ingredients required to 
construct and operate electricity systems, the stocks themselves may be under threat 
as a result of other development endeavours. Steering rule 3.4 Resource stocks are 
shielded from the adverse effect of power infrastructure imposes the condition that 
these resource stocks must be protected from environmental degradation thus ensur-
ing that future generations do not face situations where these valuable stocks are irre-
versibly depleted. 
 
Emission sinks perform a vital service by breaking down pollutant emissions to levels 
where ecosystems and human health are not threatened. Prominent examples of such 
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 In section 9.3, I identified the release of greenhouse gases, chlorofluorocarbons, sulphur 
and nitrogen oxides and particulate matter, use of land area, distortion of ecosystems, 
losses in biodiversity, causes of acidification and eutrophication, soil and desertification 
and eco-toxicity as key pollutant emissions. 
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emission sinks are tropical rainforests and oceans, which, among other things, absorb 
greenhouse gas emissions and offer coastal protection (Daigle et al. 2016; Thomas 
2017). These ecosystems display some level of resilience towards different types of 
pollution, including eco-toxicity, acidification and eutrophication (Pettit et al. 2013; 
Rougé, Mathias & Deffuant 2013). Steering rule 3.5 Emission sinks are safeguarded 
against degradation caused by power infrastructure stipulates that emission sinks must 
be protected. Lowering the productivity of emission sink capacities could potentially 
lead to a decrease in the tolerable level of toxic substances thus threatening future de-
velopment opportunity spaces (Salazar et al. 2016; Swann, Longo, Knox, Lee & Moor-
croft 2015). Ultimately, meeting this rule will require finding solutions to protect relevant 
emission sinks from the adverse effects of human activities. 
 
Ecosystems provide a wide range of services relevant to maintaining a productive envi-
ronment and human well-being, such as the provision of food and freshwater, biochem-
ical and genetic resources, regulation of climate, regulation of diseases, pollination, soil 
formation and nutrient cycling (BenDor, Spurlock, Woodruff & Olander 2017; Mouchet 
et al. 2017). While these ecosystems are today known to deliver crucial services to so-
cieties, some of them are in competition with key infrastructure projects. Hydroelectric 
power generation, for example, is known to cause problems in the Zambezi and the 
Nile river delta, as well as in parts of the Amazon and the Congo basin (Kashef 1981; 
Palmeirim, Peres & Rosas 2014). According to rule 3.6 Key ecosystems are protected 
from emissions emanating from the power infrastructure, however, ecosystem services 
that are vital for environmental productivity and human well-being are to be safeguard-
ed.41 Moreover, nuclear power plants expose human populations to risks, both as a re-
sult of their operation and the transportation and storage of nuclear waste (Benbow 
1997). Based on rule 3.6, human settlements must also be shielded from the risks em-
anating from the technical components of power systems. Since I have already argued 
against nuclear power in this section, I shall note here that nuclear waste is to be 
avoided at all costs. 
 
Based on this translation of steering rules into general goals for criteria, Table 15 dis-
plays those criteria formulated for material flows in section 9.3, including their general 
goals deduced in this section based on rules 3.1 to 3.6 which relate to material flows.  
                                               
41
 At this point, I would like to acknowledge that some ecosystems create additional value for 
human populations, such as spiritual and religious use, cultural heritage, aesthetics, recre-
ational use and ecotourism, inspirational and educational use (Laband 2013; Willis 2015). 
Accordingly, some scholars argue that the technical components of electric power systems 
should also refrain from adversely affecting ecosystems that offer such value. 
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Id Criteria for material flows General goals for efficient resource con-
sumption and the preservation of ecosys-
tems 
MF01 Provision of non-renewable resources No degradation of resource stock 
MF02 Consumption of non-renewable resources Use within recycling rates of material stock 
MF03 Provision of renewable resources No degradation of resource stock 
MF04 Consumption of renewable resources Use within regeneration rates of material stock 
MF05 Provision of fossil fuels No degradation of reserves 
MF06 Consumption of fossil fuels As low as possible 
MF07 Emission of greenhouse gases Lower than absorption capacity of emission sink 
MF08 Absorption of greenhouse gases No degradation of emission sink 
MF09 Emission of chlorofluorocarbons Lower than absorption capacity of emission sink 
MF10 Absorption of chlorofluorocarbons No degradation of emission sink 
MF11 Emission of sulphur and nitrogen oxides Lower than absorption capacity of emission sink 
MF12 Absorption of sulphur and nitrogen oxides No degradation of emission sink 
MF13 Emission of particulate matter Lower than absorption capacity of emission sink 
MF14 Breakdown of particulate matter No degradation of emission sink 
MF15 Use of land None for protected areas; efficient use of others 
MF16 Availability of land No degradation of relevant land area 
MF17 Distortion of ecosystems Lower than absorption capacity of emission sink 
MF18 Delivery of ecosystem services No degradation of relevant ecosystem services 
MF19 Losses in biodiversity Lower than absorption capacity of emission sink 
MF20 Biodiversity No losses in relevant ecosystems 
MF21 Causes of eutrophication and acidification Lower than absorption capacity of emission sink 
MF22 Resilience to eutrophication and acidification No degradation of emission sink 
MF23 Erosion of soil and desertification Lower than absorption capacity of emission sink 
MF24 Provision of soil No losses in relevant soil 
MF25 Causes of eco-toxicity Lower than absorption capacity of emission sink 
MF26 Absorption of eco-toxicity No degradation of emission sink 
MF27 Reduction in life expectancy No reduction in life expectancy 
MF28 Life expectancy 
MF29 Increase in exposure to catastrophic risks Minimise risk to human health 
MF30 Exposure to catastrophic risks 
MF31 Causes of electromagnetic radiation Minimise risk to human health 
MF32 Resilience to electromagnetic radiation 
MF33 Causes of nuclear waste None 
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MF34 Absorption of nuclear waste 
MF35 Causes of land contamination/nuclear radiation Minimise risk to human health 
MF36 Resilience to land contamination/nuclear radia-
tion 
Table 15: Criteria and general goals for material flows 
 (Own elaboration) 
 
This set of general goals relating to criteria for material flow completes my task in this 
chapter of setting goals that mirror the normative requirements of the chosen interpre-
tation on SD. However, before moving on to producing a similar set of goals related to 
instrumental aspects of SD, I shall summarise the preliminary conclusions on the en-
deavour carried out in this chapter. 
 
10.4 Conclusions 
This chapter served the purpose of conceptually reason for a set of exemplary general 
goals relating to criteria for sustainability assessments based on a detailed analysis of 
energy services, energy flows and material flows on the one hand, and a translation of 
the current interpretation of the normative requirements of SD on the other hand. The 
resulting general goals are directed at answering the question What should be sus-
tained? Hence, they do not provide guidance for addressing aspects related to trans-
formation governance. 
 
In section 7.7, I proposed a multi-step procedure for, firstly, formulating objective di-
mensions based on a current scientific interpretation of SD. Subsequently, I produced a 
set of steering rules based on such objective dimensions to eventually translate the 
steering rules into more specific general goals for the criteria formulated in chapter 9. 
This process allowed me to argue and reason for a more detailed interpretation of the 
normative notions of SD and systematically derive more tangible goals for criteria. 
 
While this transparent analysis enabled me to produce and reason for general criterion 
goals in sustainability assessments of electric power systems, I would like to empha-
sise that the results obviously depend on interpretations of SD. Accordingly, the deliv-
erable of this chapter could have been very different had I chosen a different interpreta-
tion or put other arguments forward. However, at this point I would like to stress once 
more that my aspiration for this output did not lie with providing a universally applicable 
set of steering rules or general goals for criteria, but rather to demonstrate the benefits 
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of a more systematic approach. Like the deduction of criteria based on a detailed anal-
ysis of energy and material flows and the societal steering processes of electric power 
systems in chapter 9, I strive with this contribution to highlight the benefits of the trans-
parency that such a procedure provides. The added value here lies with providing a 
basis for a discussion on how the rather abstract guiding principles of SD can be trans-
lated into more specific goals for policy steering instruments, such as sustainability as-
sessments, which are designed so as to provide a basis for evidence-based and goal-
oriented decision making. 
 
The results presented in this chapter consist of a set of proposed steering rules and 
general goals for criteria in sustainability assessments of electric power systems. This 
begs the question, what similarities do they share with existing literature and how can 
discrepancies be explained? At this point, however, I would like to postpone such a 
discussion to chapter 12, where I shall discuss the scientific contributions made in 
chapters 8 to 11 as a whole to better highlight the overall benefits of the proposed 
framework. 
 
The list of criteria for electric power systems with corresponding general goals defines 
the requirements that the system has to meet in the future in order for it to be consid-
ered sustainable. To meet these goals, a system transition will be required. This raises 
a further question: What are requirements for conducting such a system transition? 
 
In order to answer this question, which is related to the instrumental aspects of the 
conception of SD, I shall proceed in chapter 11 by defining instrumental rules and gen-
eral goals for criteria related to societal transformation processes. I shall thus draw on 
the more detailed layout of reflexive governance of change provided in section 9.4.  
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11 Instrumental rules 
Today, societies are characterised by shared responsibilities among government insti-
tutions and other actors, and critical system knowledge is dispersed among various ac-
tors (Czada & Schimank 2000; Pahl-Wostl 2007). Against this backdrop it becomes ob-
vious that transforming a complex human-environment system towards more sustaina-
ble trajectories requires collective action (Rhodes 1997). Furthermore, key literature on 
SD broadly acknowledges the need to actively direct development according to prede-
fined sustainability objectives, as current consumption patterns are thought to erode 
ecological capital and threaten the opportunity spaces of future generations (UNCED 
1992; WCED 1987). Accordingly, system development has to be actively steered to fa-
cilitate the organisation of various activities to meet these common goals. 
 
Since the effectiveness of governance frameworks depends on the issues faced by the 
systems, I argued in section 7.6 that the instrumental requirements for conducting a 
transformation of electric power systems in industrialised countries can be obtained 
from reflexive transformation governance. Such governance is considered to be more 
appropriate for dealing with the complex sustainability challenges faced by electricity 
systems today, as recent scientific research has questioned whether traditional gov-
ernance, consisting of forecasting, analysis and bureaucracy, is able to deal with mod-
ern sustainability issues (Newig & Voss 2010). I argued in section 7.5 that some in-
strumental requirements of the Brundtland Report may have to be enriched. According-
ly, I suggested drawing on a more encompassing interpretation of SD that accounts for 
recent scientific insights on reflexive transformation governance. Thus, I shall proceed 
by summarising key aspects related to the reflexive governance of change that are fre-
quently mentioned in research on the governance of SD and are relevant for electric 
power systems: 
 
i) Active steering. Scientific evidence strongly support the fact that current 
development patterns in industrialised countries erode the ecological capi-
tal. To prevent long-term environmental degradation, changes in consump-
tion patterns are deemed necessary (WCED 1987). 
 
ii) Cooperation. Modern societies are characterised by a high level of special-
isation and key systems deliver essential outputs to private households, 
government agencies and enterprises. In order to operationalise SD, vari-
ous actors are assumed to be required to contribute to the transformation of 
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those systems to more sustainable states. However, there are conflicting 
views among scientists on what form of participation best supports this pro-
cess. Nonetheless, it remains uncontested that governments may no longer 
be able to prevent or remedy environmental degradation or societal prob-
lems without including and engaging other actors (Newig, Voss & Monstadt 
2008). 
 
iii) Reflexivity. The deployment of new technologies is at risk of causing new 
environmental degradation or adverse societal effects. While the emergence 
of new risks cannot be prevented, reflexive processes that monitor system 
developments and trigger early responses will enable societal education 
and curb harmful developments in the early stages (Meadowcroft 2011). 
 
At this stage, I shall assume that the points mentioned above are a prerequisite in or-
der to enable successful system transitions to more sustainable states. Accordingly, I 
shall base my work on setting instrumental goals for criteria in sustainability assess-
ments of electricity systems on the above features. 
 
To systematically derive instrumental goals for criteria for sustainability assessments of 
electric power systems, I shall revert to the same multi-step procedure and structural 
features as applied in chapter 10. I shall first formulate a set of objective dimensions 
based on the above cornerstones of reflexive governance of change. These objective 
dimensions then serve as a starting point for systematically derive a set of instrumental 
rules. Based on these instrumental rules I can then reason for general goals related to 
social criteria in sustainability assessments of electric power systems that are directed 
at answering the question: How should this be sustained? 
 
11.1 Objective dimensions 
In order to enable objective dimensions to serve as a basis for translating the instru-
mental aspects of SD into more tangible goals for corresponding criteria, they must 
meet three requirements: Firstly, they have to relate to above key features of reflexive 
transformation governance. Secondly, they have to be applicable to the system under 
review, namely, electric power systems. Thirdly, they have to contribute to answering 
the question: How should this be sustained? Against this backdrop, I shall first formu-
late an objective dimension related to the general requirement to actively direct devel-
opment.  
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The conception of SD acknowledges that current consumption patterns in industrialised 
countries may have to undergo changes as they are considered to be key drivers of 
severe forms of environmental degradation. The authors of the Brundland Report con-
cluded that conducting business as usual is likely to lead to future generations no long-
er being able to meet their needs (Kemp, Parto & Gibson 2005; WCED 1987). Various 
research papers and political documents support that claim and reinforce the notion 
that more sustainable consumption patterns are likely to be necessary to sustain a pro-
ductive environment for the future (Rees 1992; FSOS 2006). Against this backdrop, 
some scientists argue that societal development has to be actively directed towards 
sustainability objectives as new insights on the adverse effects of human-environment 
relationships are discovered (Meadowcroft 2011). Accordingly, I shall dedicate the first 
instrumental objective dimension to the pursuit of actively steering system development 
and instruments for implementation, such as policy instruments or new technologies, in 
accordance with the chosen interpretation of SD (Burger et al. 2018): 
 
4) Active steering of system development 
 
Most industrialised countries are today characterised by fragmented ownerships of key 
technical components of the electric power system and critical system knowledge is 
dispersed across various actors (Czada & Schimank 2000; Pahl-Wostl 2007). Since 
these actors tend to follow their own agendas in pursuit of their own interests, govern-
ments are no longer able to conduct such transformations without involving and engag-
ing other actors (Stirling 2009). In response to this, the current scientific debate on SD 
governance explores various modes of transformation governance that may support 
system transitions under the above-mentioned conditions (Kemp, Parto & Gibson 2005; 
Lange, Driessen, Sauer, Bornemann & Burger 2013; Steurer 2010; Treib, Bähr & Falk-
ner 2007; Van Zeijl-Rozema, Cövers, Kemp & Martens 2008). While thus far no con-
sensus has been reached, there is agreement that in order to overcome sustainability 
challenges, the involvement and engagement of a wide range of actors is required, 
who may collectively collaborate in pursuing common goals (Driessen & Glasbergen 
2002; Swyngedouw 2005). Government actors are thought to facilitate arenas in which 
key actors in the system come together to share system knowledge and explore path-
ways to attain sustainability objectives. To account for this, I shall specify an objective 
dimension that encompasses the requirement for collaboration between various actors: 
 
5) Collective organisation of work among various actors 
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Since some of the current environmental and societal issues arose from the unintended 
consequences of the implementation of hitherto new power infrastructure technologies 
(IPCC 2005; Mahaffey 2015), many scholars argue that a reflexive process may play a 
key role in the future by monitoring system developments and the effects they have on 
both the environment and societal actors (Meadowcroft 2011). They further argue that 
in order to benefit as much as possible from specialised system knowledge, such a re-
flexive process also has to involve key actors, such as environmental agencies, grass-
roots movements and the media, to foster mutual learning (Newig, Voss & Monstadt 
2008). These actors are thought to independently monitor system developments, ob-
serve the effects on the environment resulting from the construction and operation of 
technical components and social organisation, and trigger the deployment of counter 
measures such as political initiatives or changes in business models (Foxon, Reed & 
Stringer 2009: Voss & Bornemann 2011). Accordingly, adverse developments are as-
sessed by actors who do so according to their specialisation. Their findings should then 
be brought into a societal discourse that explores and potentially triggers changes. 
Against this backdrop, I argue that reflexive processes, which are particularly important 
in systems that have conflicting issues and goals, may have to be evaluated in sustain-
ability assessments of electric power systems to identify whether a wide range of sys-
tem knowledge is considered when deciding on priorities and goals. Accordingly, I pro-
pose to direct the third instrumental objective dimension at reflexive processes to foster 
learning and promote the adaptive capacities of the system under review: 
 
6) Reflexive process to ensure learning and adaptation 
 
These objective dimensions encompass the three key features of reflexive governance 
of change introduced in section 7.6. The first one is directed at the general feature of 
directing development. The second objective dimension accounts for the collective or-
ganisation of work involving different actors while the third is directed at establishing 
and running a reflexive process to increase system knowledge and the responsiveness 
of the system. Accordingly, Figure 25 displays the instrumental objective dimensions 
and how they relate to the instrumental aspects of the chosen interpretation of SD. 
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Figure 25: Instrumental objective dimensions for electric power systems 
 (Own elaboration) 
 
I shall proceed by formulating a set of instrumental rules that is an enriched version of 
the instrumental objective dimensions presented in this section. Since such a multi-step 
procedure is prone to subjective views, I shall argue for my interpretations and provide 
my reasoning. 
 
11.2 Instrumental rules 
To derive a set of instrumental rules for sustainability assessments of electric power 
systems based on the objective dimensions that contribute to answering the question 
How should this be sustained?, as defined in the previous section, I shall draw on the 
same procedure as applied to the formulation of steering rules in chapter 10. I shall al-
so draw on the detailed analysis of societal steering processes elaborated in section 
9.4 to ensure that the relevant actors and their activities are considered. I shall proceed 
by first producing a set of instrumental rules related to the objective dimension: Active 
steering of system development. 
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Assuming that society strives for a transition towards more sustainable electricity sys-
tems according to the interpretation of SD chosen in section 7.5, then different actors, 
namely, researchers, policy makers and administrations, market actors and civil society 
actors, must contribute collectively to a better understanding of the system (Newig, 
Voss & Monstadt 2008). My contribution in chapter 8 revealed strong interdependen-
cies among different actors and between actors and the environment. Moreover, my 
initial review in section 2.3 highlighted the multiple challenges that power systems cur-
rently face. Against this backdrop, I argue that some research should be directed at 
promoting an understanding of the overall system to better comprehend the interrela-
tionships between societal development and environmental degradation (Ahmad, 
Tahar, Muhammad-Sukki, Munir & Rahim 2016: Khan & Abbas 2016). There is good 
reason to believe that a sound understanding of system dynamics is a necessary pre-
condition for undertaking system transitions. Conducting such transformations, howev-
er, also requires the deployment of a set of corresponding solutions, such as new tech-
nologies or policies. Accordingly, I argue that some research should be dedicated to 
discovering new clean technologies and developing steering instruments to alter un-
sustainable behaviours (Izadyar, Ong, Chong & Leong 2016; Podgornik, Sucic & Blazic 
2016; Riesz & Elliston 2016). Against this backdrop, I propose to direct the first rule at 
research on system dynamics in electricity systems, new clean technologies and policy 
steering instruments that contribute to more sustainable electric power systems: 
 
4.1 Scientists research system dynamics, technologies and behaviours 
 
Once the sources of sustainability issues have been discovered and counter measures 
are identified by researchers, policy makers and administrations should deploy policy 
instruments that drive energy efficiency, promote renewable energy and smart grid 
technologies or, alternatively, penalise fossil fuel-based or nuclear power generation 
(Fouquet 2016; Thapar, Sharma & Verma 2016). Furthermore, incentives should be 
provided for consumers to alter their behaviour (Staddon, Cycil, Goulden, Leygue & 
Spence 2016). Such endeavours are likely to consist of a wide range of policy steering 
instruments to ensure that system transitions are carried out according to sustainability 
objectives (Pollitt 2012). Accordingly, I shall dedicate the second instrumental rule to 
the policy maker’s endeavour to deploy policy steering instruments that drive a transi-
tion to more sustainable electric power systems: 
 
4.2 Policy makers enact energy policy promoting renewable energy technolo-
gies and energy efficiency  
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The contributions of researchers, policy makers and administrations provide the frame 
conditions for the manufacturers of system components or electrical devices and the 
suppliers of electricity. While the chosen interpretation provides guidance on the ne-
cessity for a system transformation (Burger et al. 2018), one should not forget that 
electricity systems in industrialised countries already have an important responsibility. 
In section 1.1 I explained the importance of a stable and cost-efficient supply of elec-
tricity to consumers in modern societies (Hughes 1993). Since electricity is often used 
by electrical devices to meet rather basic needs (Bedir, Hasselaar & Itard 2013; Ka-
vousian, Rajagopal & Fischer 2013), I argue that electricity utilities must continue to 
ensure a stable electricity supply for their consumer base free of discrimination.42 
 
4.3 Suppliers provide electricity to consumers in a reliable and non-
discriminatory way 
 
However, assuming that policy makers and administrations put regulations promoting 
clean technologies in place, then manufacturers and suppliers may have to alter their 
business models in accordance with such conditions (Bolton & Hannon 2016; Wain-
stein & Bumpus 2016). This essentially means that in those systems where there is to 
be a transition from a power infrastructure design that causes environmental and socie-
tal problems to one based on increased shares of renewable energy and smart grid 
technologies, suppliers have to redesign their business models. One should then be 
able to see changes in the product portfolio of or solutions offered by incumbents as 
well (Bolton & Hannon 2016; Govindan, Seuring, Zhu & Farrido Azevedo 2016). Ac-
cordingly, I shall stipulate a fourth instrumental rule to direct suppliers’ efforts to adjust 
their business models in order to provide energy efficiency and clean energy solutions: 
 
4.4 Suppliers develop business models and drive system transition through im-
plementation 
 
These four steering rules give a more detailed breakdown of the objective dimension 
Active steering of system development. They encompass three of the four key actors 
identified in chapter 8 that are thought to have a strong influence on the development 
of electric power systems. However, I in no way imply here that it is only the contribu-
                                               
42
 Today, a large number of electricity suppliers in industrialised countries are still at least 
partly owned by governments. In such cases, governments are represented in key decision 
bodies and the development of power infrastructure is based on long-term political plan-
ning processes (Breeze 2014). Against this backdrop, it is often argued that electricity sup-
ply is provided as a public service. 
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tions of these actors that are deemed relevant for transforming electric power systems 
in terms of sustainability objectives. The opposite is true: civil society actors must be 
involved and engaged as they play an important role in society. This brings me to my 
next task in this section, which is related to defining instrumental rules for the fifth ob-
jective dimension: Collective organisation of work among various actors. 
 
A hallmark of reflexive transformation governance is the recognition that system transi-
tions require closer collaboration between governments and other actors (Steurer 
2010). This raises questions on what measures policy makers and administrations 
need to implement to enable other actors to contribute. Against this backdrop and as-
suming that most systems have emerged from monopolistic structures and have so far 
been subject to traditional governance with limited participation opportunities, policy 
makers and government institutions may have to establish frameworks that allow ac-
cess to political processes for a wider range of actors. Such a framework may have to 
grant participatory rights to civil society actors and market access for the suppliers of 
new technologies, as participation is broadly acknowledged to be a prerequisite for 
successful energy transitions (Van der Werff & Steg 2016; Yildiz 2014). This could be 
an essential feature, as the contributions of new actors, such as consumer agencies or 
the manufacturers of new technologies, might put consumers in a better position to 
drive the selection of technologies through market choice and, thus, organised institu-
tional actors may more easily assume a reflexive role (Huh, Woo, Lim, Lee & Kim 2015; 
Vecchiato & Tempesta 2015). Accordingly, I propose to impose a rule to regulate policy 
makers’ and administrations’ efforts to foster participation and innovation: 
 
5.1 Policy makers establish frameworks that encourage participation, innovation 
and dynamic system development 
 
Since this instrumental rule encompasses rather broad themes of participation, innova-
tion and system dynamics, I shall further specify its key contents to better enable a 
formulation of general goals later on: 
 
i) Prevention of technological lock-ins. This part of the instrumental rule 
assumes that a significant part of power infrastructure, such as fossil fuel or 
nuclear-based power generation, has to be replaced (Michelsen & Madlener 
2016; Rehner & McCauly 2016). However, such an endeavour could poten-
tially be undermined by the long life spans of infrastructure components, as 
incumbents are reluctant to incur financial losses resulting from the sunk 
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costs of existing infrastructure components and the deployment of additional 
renewable energy technologies reduces power prices. This conflict may re-
sult in path dependences, as incumbents refrain from investing in new tech-
nologies so long as existing components are not fully depreciated (Ellerman 
1996). Accordingly, I argue that policy frameworks should offer incentives 
for the deployment of new technologies and that special consideration 
should be given to those that can be replaced within short timeframes. This 
will ease the process of replacing infrastructure components in the future 
whenever new scientific evidence suggests the need to substitute specific 
infrastructure components. 
 
ii) Promotion of innovation. Some scientists propose that such frameworks 
should encourage technical and business model innovation (Kang & Hwang 
2016). It is important to provide incentives for innovation because the suc-
cessful implementation of new technologies or business ideas is often sub-
ject to some degree of trial and error, discouraging incumbents as they fear 
financial losses. 
 
iii) Market access. Since new technologies are likely to be developed by new 
market actors, these actors may have to be admitted to markets which are 
today monopolies. This may require breaking open existing monopolies to 
expose the incumbents to competition (EPCEU 2009; Markard & Truffer 
2006; Müller, Steinert & Teufel 2008). 
 
iv) Access to political processes. Some scholars argue that civil society ac-
tors should be accorded the right to monitor system developments, partici-
pate in processes related to the definition of future requirements for electric 
power systems and actively influence consumption patterns (Dryzek & Pick-
ering 2017; Kong, Salzmann, Steger & Ionescu-Somers 2002). Independent 
parties may support societal debates by extracting and analysing data on 
system components, participating in discussion arenas or actively promoting 
resource-efficient lifestyles. 
 
While policy makers and administrations can be expected to provide the necessary 
frame conditions to enable participation, the benefits of reflexive governance also, ob-
viously, depend on the active engagement of non-government actors to promote mutu-
al learning (Newig, Voss & Monstadt 2008). However, actors are known sometimes to 
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assume a perspective that is not neutral with regard to how the system should be de-
veloped for the greater good, and may be inclined to pursue their own interests accord-
ing to own agendas (Stirling 2009). Accordingly, I shall dedicate a rule to imposing a 
condition that actors should actively contribute towards building system knowledge: 
 
5.2 Actors contribute to increasing a collective understanding of the system and 
deducing measures 
 
Thus far, my set of instrumental rules covers the essential features of active steering 
and the participation of reflexive transformation governance. However, I have not yet 
contributed instrumental rules for the features of reflexivity and adaptation. Accordingly, 
I shall proceed by formulating a final set of rules to also cover this third aspect. 
 
Increased levels of participation, which are to be granted according to rule 5.1, can be 
expected to allow civil society actors to better assume a reflexive role. This might in-
volve activities like monitoring the adverse effects of market behaviours or the deploy-
ment of new technologies on the environment (Kern & Rogge 2016). While identifying 
irregularities is a necessary precondition for resolving them, civil society actors may al-
so have to introduce their findings into the public discourses or support consumers in 
their endeavour to reduce their environmental footprint (Kong, Salzmann, Steger & Io-
nescu-Somers 2002). Against this backdrop it becomes evident that a key benefit of re-
flexive governance is the level of involvement and engagement of the different actors in 
reflexive processes. Accordingly, I argue that it is worthwhile to deploy a rule for the 
engagement and involvement of civil society actors in reflexive processes in order to 
identify problems and contribute to further development of the system: 
 
6.1 Organised institutional actors observe developments and collectively re-
spond to irregularities 
 
While above instrumental rule contributes to reflexivity, system adaptation is a key topic 
in transformation governance and it is strongly influenced by the technologies put in 
place; today, the technical lifespan of system components in power infrastructure, such 
as power plants or parts of electricity grids, can last more than half a century (IEA 
2010). While this may have economic reasons, it also means that these technical com-
ponents have to remain in operation for the remainder of their life span in order to avert 
sunk costs. Accordingly, some researchers argue that incumbent power suppliers in 
monopolies might be reluctant to invest in new technologies in order to safeguard their 
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previous investment (Dillig, Jung & Karl 2016). Relying exclusively on proven technolo-
gies may not only be expected to obstruct the deployment of new solutions, but also 
impedes innovation. Along these lines, one could argue that if we are striving to re-
spond better to adverse developments in the future, then the only technical compo-
nents that may be deployed are those that can be replaced quickly without causing fi-
nancial losses. Accordingly, I propose to put a rule in place that promotes innovation 
and reduces the risk of path dependence: 
 
6.2 Design of power infrastructure fosters innovation and prevents technological 
lock-ins 
 
In this section, I argued for a set of rules that further detail the objective dimensions in-
troduced in the previous section. Accordingly, Figure 26 depicts those instrumental 
rules mapped to corresponding objective dimensions. These rules provide guidance on 
the requirements that governance has to meet in order to facilitate a system transition. 
 
 
Figure 26: Instrumental rules for electric power systems 
 (Own elaboration) 
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I shall proceed with the last task of this multi-step endeavour to derive instrumental re-
quirements for conducting system transitions; namely, a systmatic definition of general 
goals relating to criteria for societal steering processes. 
 
11.3 General goals 
In chapter 8, I framed the scope for sustainability assessments of electric power sys-
tems in a way that considers the activities of actors that are deemed relevant in devel-
oping or operating power infrastructure and electrical devices. Based on this holistic 
system representation, I described reflexive transformation governance in section 7.6 
as a basis to determine relevant social criteria for the sustainability assessments of 
power systems. At the same time, I translated a current scientific interpretation of SD 
into instrumental objective dimensions and rules in sections 11.1 and 11.2. It is now 
time to bring these functional and instrumental deliverables together. Accordingly, this 
section serves the purpose of matching the criteria relating to actors produced in chap-
ter 9 with the instrumental rules formulated in this chapter to derive general goals for 
the aforementioned criteria. I shall structure this endeavour according to the identified 
actors and shall start by arguing for general goals for criteria related to researchers. 
 
In section 9.4, I explained that researchers assume a central role in the development of 
electric power systems, which involves building knowledge on the systems as a whole, 
including an analysis of critical interdependencies. Furthermore, scholars research and 
develop new technologies, monitor and identify ways to alter consumption patterns and 
study policy steering instruments that are designed to induce change. Moreover, scien-
tists promote dissemination of knowledge by publishing scientific reports. 
 
According to instrumental rule 4.1 Scientists research system dynamics, technologies 
and behaviours, some research should be dedicated to understanding human-human 
and human-environment interrelationships within electricity systems. Such research is 
relevant in order to better understand how actors shape the system to attain sustaina-
bility objectives and how human actions alter energy and material flows. Furthermore, 
some research should be carried out on appropriate modes of governance, policy in-
struments and organisational set-ups to direct system development in general and 
transformation towards sustainability trajectories in particular (Bilotta, Milner & Boyd 
2014; Koontz, Gupta, Mudliar & Ranjan 2015; Wyborn 2015), as the chosen interpreta-
tion of SD highlights the relevance of actively driving development (Burger et al. 2018). 
Moreover, scholars should also consider the discovery of new renewable energy and 
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smart grid technologies to reduce the environmental impacts of power infrastructure. 
Such research should also involve technologies that enhance energy efficiency and 
analyse the drivers of electricity consumption to further reduce resource requirements 
and pollutant emissions (Jáñez Morán, Profaizer, Herrando Zapater, Andérez Val-
davida & Zabalza Bribián 2016; Kalmykova, Rosado & Patricío 2016). These studies 
should be complemented with research on natural energy and material flows, including 
ecosystems and emission sinks, to better understand natural growth rates and tipping 
points related to emission sink capacities (Gunderson, Cosens & Garmestani 2016; 
Sassoon et al. 2009; Vanhala et al. 2016). Additional studies should be conducted on 
how interpretations of the normative requirements of SD can be operationalised. This 
may involve proposing steering and instrumental rules, criteria and general goals for 
sustainability assessments of power systems. Lastly, I argue that drawing on instru-
mental rule 5.2 Actors contribute to increasing collective understanding of the system 
and deducing measures, scientists should also actively share their knowledge with oth-
er actors and collaborate on resolving the prevailing issues (Steurer 2010). According-
ly, Table 16 lists the criteria for researchers, as elaborated in section 9.4, with general 
goals according to instrumental rules 4.1 and 5.2. 
 
Criteria for societal steering processes related to 
researchers 
General goals for researchers 
SS01 Research on system dynamics and interdepend-
encies 
Researchers focus on system analysis, human-
human and human-environment interfaces 
SS02 Research on societal steering Researchers focus on reflexive governance and 
policy instruments to direct development 
SS03 Research on power infrastructure and electrical 
devices 
Researchers focus on renewable energy, smart 
grid and energy efficiency technologies as well as 
consumption behaviours 
SS04 Research on ecological capacities Researchers focus on energy flows, material flows 
and ecosystems including emission sinks 
SS08 Proposals for steering and instrumental rules Researchers propose steering and instrumental 
rules that contribute to the objectives of SD 
SS12 Proposals for criteria and general goals Researchers propose criteria relevant for the sys-
tem and general goals in line with steering and in-
strumental rules 
SS14 Proposals for organisational set-up and steering 
instruments 
Researchers propose organisational set-up and 
instruments that promote system transition 
SS17 Publishing of scientific reports Scientists publish reports on renewable energy, 
smart grid, energy efficiency technologies and 
consumption behaviours 
Table 16: Criteria and general goals for researchers 
 (Own elaboration) 
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In section 3.2, I argued that in reflexive governance, responsibilities are shared among 
various actors that may favour conflicting developmental paths. This can be expected 
to affect policy makers’ and administrations’ roles when striving to operationalise sus-
tainability objectives. 
 
Based on instrumental rule 5.1 Policy makers establish frameworks that encourage 
participation, innovation and dynamic system development, policy makers and admin-
istrations should lay the foundations for other actors to contribute to more sustainable 
electric power systems. This rule essentially foresees that policy makers and admin-
istrations broaden the opportunity spaces for other actors by preventing the path de-
pendence that result from technological lock-ins, thus promoting innovation and market 
access for new actors to accelerate the deployment of new technologies and grant ac-
cess to political processes. These conditions are expected to enable other actors to 
contribute more easily. Despite instrumental rule 5.1 being rather abstract, I am still in a 
position to assign general goals to the criteria SS05, SS07 and SS10: Policy makers 
and administrations are mandated to actively involve other actors to increase system 
knowledge and benefit from practical experience. Moreover, they establish arenas for 
public debates and reduce barriers for civil society actors. 
 
To determine general goals for criteria SS06, SS09, SS13, SS15 and SS18, I shall 
draw on instrumental rule 4.2 Policy makers enact energy policy promoting renewable 
energy technologies and energy efficiency. According to this rule, government actors 
ought to craft strategies and scenarios that could potentially unfold in the future as a 
basis for mutually deciding on common development trajectories to meet the require-
ments of SD (Gormally, Whyatt, Timmis & Pooley 2016; Laugs & Moll 2017). In the 
previous section, I also argued that policy makers should implement steering instru-
ments that promote or hinder specific technologies or market behaviours.43 These poli-
cy instruments should consider scientific findings and practical experience and may be 
roughly separated into three categories: (i) instruments promoting those power genera-
tion and distribution technologies that are perceived to contribute to sustainability 
goals; (ii) another set of instruments providing incentives for consumers to change their 
behaviour (Dean 2010; McKee 2009); and (iii) more generic frameworks complied by 
policy makers defining the way suppliers and consumers interact in markets, such as 
market designs (Keles, Bublitz, Zimmermann, Genoese & Fichtner 2016). Referring 
                                               
43
 I would like to emphasise that at this point only generic statements can be made on which 
areas policy makers can endorse policy instruments for promoting SD. An analysis of spe-
cific measures would have to be carried out on another level and thus lies beyond the 
scope of this thesis. 
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once more to steering rule 4.2, policy makers should also implement policy instruments 
that promote the deployment of renewable energy technologies and more energy-
efficient lifestyles (Andor & Voss 2016; Johnston, Heffron & McCauley 2014; Pereira, 
Pereira & Rodrigues 2016; Wesseh & Lin 2016). However, since some renewable en-
ergy technologies provide electricity stochastically, smart grid technologies, enabling 
increased control over consumption loads, ought to benefit from the same mechanisms 
(Hossain et al. 2016; Reddy, Kumar, Mallick, Sharon & Lokeswaran 2014). Moreover, 
since the potential of cost-efficient renewable energy technologies may be limited in 
some regions, policy makers may be obliged to provide incentives to reduce electricity 
consumption (Jiang 2016; Ringel, Schlomann, Krail & Rohde 2016). Lastly, I argue that 
in order to meet steering rule 4.2 and be able to direct system development, policy 
makers may also have to define steering and instrumental rules as well as criteria and 
general goals for sustainability assessments and conduct such holistic evaluations to 
track whether the system is on a sustainable development path and implement policy 
instruments to respond to adverse developments. Accordingly, the last-mentioned con-
ditions are a necessary precondition for operationalising a framework for sustainability 
assessments as proposed in this thesis. Based on this translation of instrumental rules 
into general goals for criteria for policy makers and administrations, Table 17 provides 
an overview of the criteria and the general goals formulated in this section. 
 
Criteria for societal steering processes related to 
policy makers and administrations 
General goals for policy makers and ad-
ministrations 
SS05 Contribution of system knowledge and experienc-
es gained 
Policy makers and administrations involve key 
system actors to exchange knowledge and expe-
rience gained 
SS06 Compilation of divisional strategy and scenarios Policy makers and administrations craft strategies 
for electric power systems and develop scenarios 
that could potentially unfold 
SS07 Facilitation of arenas for public debates Policy makers and administrations establish are-
nas for public debates to increase system under-
standing by the public 
SS09 Adoption of steering and instrumental rules in law Policy makers and administrations translate steer-
ing and instrumental rules into laws to ensure that 
policies support objectives 
SS10 Involvement of civil society Policy makers and administrations establish 
frameworks enabling other actors to make a con-
tribution 
SS13 Adoption of criteria and general goals Policy makers and administrations translate crite-
ria and general goals into laws and conduct sus-
tainability assessments. 
SS15 Adoption of organisational set-up and steering in-
struments 
Policy makers and administrations establish organi-
sational set-ups and policy instruments that drive 
system transition towards the objectives of SD 
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SS18 Incorporation of findings into policies Policy makers and administrations adapt policies 
based on scientific findings and experience 
Table 17: Criteria and general goals for policy makers and administrations 
 (Own elaboration) 
 
In electric power systems, manufacturers of system components and electricity utilities 
decide on the technical designs of power infrastructure and electrical devices. Accord-
ingly, market actors determine the provision of energy services and the levels of envi-
ronmental degradation as well as the societal issues emanating from these technical 
components. 
 
Market actors can be divided into manufacturers and suppliers on the one hand and 
consumers on the other. Consumers primarily respond to products offered by manufac-
turers and suppliers. Since the deployment of technologies is determined by market 
choice, the design choices of manufacturers and suppliers may have a resounding ef-
fect on society and the environment. Accordingly, electricity utilities face critical deci-
sions today: they may either pursue a strategy focusing on the construction and long-
term operation of power infrastructure to sell electricity or, alternatively, provide ser-
vices enabling consumers to generate their own electricity. However, instrumental rules 
4.3 Suppliers provide electricity to consumers in a reliable and non-discriminatory way 
and 4.4 Suppliers develop business models and drive system transition through imple-
mentation provide guidance on what objectives suppliers should pursue. Assuming that 
policy makers implement policy instruments promoting the deployment of renewable 
energy and smart grid technologies, manufacturers and suppliers should, in accord-
ance with such regulatory and political frame conditions, increasingly invest in such 
technologies. Furthermore, new technological opportunities and regulatory frame con-
ditions might enable suppliers to offer distinct product portfolios specifically designed to 
meet the individual demands of target customer segments. This could also involve new 
opportunities in the area of energy efficiency, thus reducing the energy consumption of 
consumers (Zvaigznitis, Rochas, Zogla & Kamenders 2015). Accordingly, I argue that 
the translation of instrumental rules 4.3 and 4.4 should result in changes to the busi-
ness strategies and solutions offered by suppliers regarding the above-mentioned 
technologies. In order for policy makers to monitor the effectiveness of their frame-
works and policy instruments, as imposed by instrumental rule 4.2, suppliers should 
publish sustainability reports that shed light on the performance of system components 
(Higgins & Coffey 2016; Thijssens, Bollen & Hassink 2016). This information is required 
for other actors to contribute their part, for example for researchers to identify new re-
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search opportunities or enable civil society actors to raise awareness on unsatisfactory 
developments. There is, however, an additional requirement related to instrumental 
rule 6.2 Design of power infrastructure fosters innovation and prevents technological 
lock-ins: According to this condition, electric power utilities also have to consider the 
technical life span of technologies when deciding on specific investments. This rule es-
sentially favours those technologies that depreciate quickly and reduces the risks of 
sunk costs for owners. Table 18 displays criteria for market actors and corresponding 
general goals. 
 
Criteria for societal steering processes related to 
market actors 
General goals for market actors 
SS11 Adaptation of strategies and business models Manufacturers and suppliers adapt strategies and 
business models according to policies 
SS16 Adaptation of solutions offering Manufacturers and suppliers offer solutions in ac-
cordance with policies 
SS19 Conducting of sustainability reporting Manufacturers and suppliers publish reports on 
system components and their contribution to SD 
objectives 
Table 18: Criteria and general goals for market actors 
 (Own elaboration) 
 
In reflexive governance, civil society actors, such as environmental agencies or the 
media, assume reflexive roles. According to instrumental rule 6.1 Organised institution-
al actors observe developments and collectively respond to irregularities, civil society 
actors are meant to monitor system developments, raise awareness on unsatisfactory 
developments and actively contribute towards changing household consumption pat-
terns (Dryzek & Pickering 2017; Kong, Salzmann, Steger & Ionescu-Somers 2002). 
The response of such actors obviously also depends on their value systems, as actors 
are only likely to raise their voices if developments oppose their preferences and agen-
das. Some actors may also consider launching their own political initiatives to influence 
the development of the system (Eichbaum 1993). Against this backdrop, I argue that 
civil society actors should become actively involved in public debates and policy pro-
cesses and should engage with consumers on energy efficient lifestyles. Accordingly, 
Table 19 lists the criterion for civil society actors with a general goal according to the 
corresponding instrumental rule as outlined above.  
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Criterion for societal steering processes related 
to civil society 
General goal for civil society actors 
SS20 Monitoring of and commenting on system devel-
opments 
Civil society actors identify irregularities, influence 
consumption behaviour and initiate changes. 
Table 19: Criteria and general goals for civil society actors 
 (Own elaboration) 
 
In this section, I contributed general goals to criteria for societal actors based on a set 
of instrumental rules formulated based on an interpretation of SD. I shall conclude this 
chapter by briefly reflecting on the scientific contribution of this chapter. 
 
11.4 Conclusions 
This chapter served the purpose of systematically setting goals, related to the instru-
mental notion of the conception of SD, for criteria for societal actors in sustainability 
assessments of electric power systems. I applied a multi-step procedure to translate a 
current scientific interpretation of SD into three objective dimensions, a set of mutually 
exclusive instrumental rules and, ultimately, general goals for criteria. 
 
Like chapter 10, I primarily strived to provide an exemplary set of instrumental rules 
and goals for criteria as a basis for scientific discussion. The proposed results obvious-
ly vary depending on the interpretation of SD and the decisions on which structural fea-
tures of reflexive governance of change are deemed of importance. Moreover, the pro-
cess of translating a rather abstract interpretation of the guiding principles of SD into 
more tangible goals clearly depends on subjective interpretations. Accordingly, the 
proposed results could differ: A governance framework that centralises ownership of all 
technical components and decision power with government actors, would hardly con-
sider the contribution of other actors in political processes. In such regimes there would 
also be less need to grow system knowledge collectively as this may be expected to be 
almost fully borne by government actors. Nonetheless, I deem the results provided to 
be valuable since they might encourage a scientific discussion on the appropriateness 
of the chosen approach and an interpretation of relevant features of SD. I aimed to 
provide as much information and reasoning as possible to enable such a discussion. 
 
Now that I have produced my deliverables, I shall proceed with a comparison of my re-
sults with the scientific contributions reviewed in chapter 4.  
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12 Comparative analysis 
The review of the scientific state-of-the-art of sustainability assessments of electricity 
systems in chapter 4 revealed that today’s contributions only partly encompass the sys-
tem in question and are also often detached from normative and instrumental aspects 
of SD. However, evaluating the current or possible future performance of key features 
of electric power systems against predefined sustainability objectives is a crucial pre-
requisite for providing a comprehensive basis for evidence-based and goal-oriented 
decision making. In chapters 5 to 7, I argued that a broader range of hitherto neglected 
vital system properties can be taken into consideration by expanding the system scope 
to include more societal aspects and the provision of energy services. Such an exten-
sion of the system scope, however, requires an enrichment of the methodological base 
that today draws mainly on life cycle assessments, scenario analysis, expert inter-
views, multi-criteria evaluations and case studies. Against this backdrop, I argued in 
chapter 7 that to analyse power systems more systematically, sustainability assess-
ments may have to be additionally based on detailed energy and material flow analysis, 
as well as methodologies related to environmental governance and scenario assess-
ments. Moreover, I argued that in order to incorporate normative and instrumental fea-
tures of SD into sustainability assessments, general goals may have to be formulated 
based on a current scientific interpretation of SD and the specifics of reflexive trans-
formation governance may have to be considered. I proposed to draw on a multi-step 
procedure which allows system data to be placed into perspective with sustainability 
objectives. Accordingly, in chapters 8 to 11, I provided exemplary contributions to these 
hitherto missing features of sustainability assessments of power systems that strive to 
further empower this steering instrument to provide a more comprehensive basis for 
evidence-based and goal-oriented decision making to direct system development. 
 
This now begs the question, how do the exemplary results provided in chapters 8 to 11 
differ from those of the proposals reviewed in chapter 4 and what parts of the proposed 
framework are confirmed by current sustainability assessments? Answering this ques-
tion will also serve as a basis for exploring the strengths and weaknesses of the pro-
posed framework. Accordingly, I shall dedicate this chapter to comparing the exempla-
ry set of criteria, steering and instrumental rules as well as the general goals derived 
from the framework for sustainability assessments to those highlighted in the sustaina-
bility assessments reviewed in chapter 4. At this stage, however, I would like to point 
out that I will not go for an inductive improvement of my framework and one should 
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bear in mind the limitations of such an approach. I shall structure this analysis into 
three sections: 
 
(i) Criteria. A comparison of the criteria deduced from the proposed framework 
with the criteria for the research sample in chapter 4. 
 
(ii) Steering rules and general goals. A review of the steering rules and gen-
eral goals proposed regarding criteria for the framework for sustainability 
assessments against the contributions of the research sample. 
 
(iii) Instrumental rules and general goals. A comparison of the instrumental 
rules and general goals regarding criteria for sustainability assessments ac-
cording to the framework for sustainability assessments with reviewed con-
tributions. 
 
(iv) Conclusions. A brief discussion on the most significant commonalities and 
differences identified as a basis for the concluding discussion in chapter 13. 
 
I shall refrain from allocating a section to an analysis of the underlying system scope, 
since an extensive discussion was included in chapter 4 and served the purpose of 
framing the scope for sustainability assessments of power systems. I shall start by 
comparing criteria for sustainability assessments of electricity systems proposed by the 
framework with the contributions of the research sample. 
 
12.1 Criteria 
In chapter 4, I provided a summary of criteria themes proposed by the contributions of 
the research sample according to the structural features of sustainability assessments 
as elaborated in section 3.3. This endeavour was then directed at analysing which fea-
tures of powers systems and the conception of SD are considered at an aggregated 
level in current sustainability assessments of electricity systems. Here, however, I am 
more interested in identifying small nuances between those criteria and indicators high-
lighted by the research sample and the criteria systematically deduced from the frame-
work for sustainability assessments in order to critically reflect on the strengths and 
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weaknesses of the proposed framework44. For the sake of readability, I shall provide 
four tables based on the structure used to deduce criteria; namely, energy services, 
energy flows, material flows and societal steering processes. In each table, the criteria 
that I systematically derived from the proposed framework are shown in sequential or-
der on the left. Furthermore, I shall add a column on the right indicating roughly how of-
ten these criteria were highlighted by the contributions reviewed in chapter 4. In addi-
tion, at the bottom I shall list those criteria or indicators which were consistently pro-
posed by several authors in the research sample but which I did not identify. Based on 
these overviews, I shall identify differences and explore strengths and limits of the pro-
posed framework in relation to contributions made by the research sample. 
 
Starting with an analysis of the criteria related to the output of electricity systems, Table 
20 lists exemplary criteria related to energy services obtained by applying the frame-
work for sustainability assessments in chapter 9 and complemented with the criteria 
and indicators frequently proposed by contributions of the research sample. 
 
Id Criteria for energy services Occurrence in research sample 
ES01 Provision of lighting None 
ES02 Provision of heating None 
ES03 Provision of cooling None 
ES04 Provision of cooking None 
ES05 Provision of cleaning None 
ES06 Provision of information None 
ES07 Provision of communication None 
ES08 Provision of entertainment None 
ES09 Provision of recreation None 
ES10 Provision of fuelling for mobility None 
ES11 Provision of production of goods and services None 
ES01 Provision of lighting Mentioned ≥ 10 times 
ES02 Provision of heating Mentioned ≥ 5 times 
ES03 Provision of cooling Mentioned ≥ 10 times 
                                               
44
 While scientists agree that criteria aggregate indicators and indicators are used to extract 
specific data, in practice criteria and indicators are sometimes used interchangeably (Bru-
inen de Bruin et al. 2015; Myllyvitta, Holma, Antikainen, Läthinen & Leskinen 2012; Ngu-
yen, Bonetti, Rogers & Woodroffe 2016; Papadopoulou & Antoniou 2014; Pollesch & Dahle 
2015). In order to challenge the results of the proposed framework against as many as-
pects of the contributions as possible, I shall compare criteria derived from the proposed 
framework with the criteria and indicators of the research sample. 
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n/a Access to electricity Only mentioned once 
n/a Stability of supply Mentioned ≥ 5 times 
n/a Capacity/availability factors of power plants or grids Mentioned ≥ 5 times 
Table 20: Comparison of criteria and indicators for energy services 
 (Own elaboration) 
 
In chapter 9, I argued that electricity systems serve the purpose of powering electrical 
devices and thereby enable the delivery of energy services. Accordingly, I dedicated 
criteria to the provision of energy services. There is, however, a major challenge asso-
ciated with measuring the benefits users obtain when consuming energy services: 
wasteful behaviour, such as leaving lights on without actually using them, cannot be 
identified by the chosen approach. Nonetheless, since energy services often serve vital 
purposes, such as enabling heating to safeguard human health or communication to 
cultivate social contacts, I deem the corresponding criteria to be very important (Baker 
& Rylatt 2008; Kipping & Trømborg 2015). However, none of the contributions reviewed 
in chapter 4 assigns criteria or indicators to measure the delivery of energy services. 
Instead, authors rather quantify financial investments to measure the benefits power 
systems create for societies and individuals (Afgan, Carvalho & Hovanov 2000; Hein-
rich, Basson, Cohen, Howells & Perie 2007; Karger & Hennings 2009; Rovere, Bor-
ghetti Soares, Basto Oliveira & Lauria 2010; Stamford & Azapagic 2011), employment 
opportunities and income generated (Afgan, Carvalho & Hovanov 2000; Dombi, Kuti & 
Balogh 2014; Grunwald & Rösch 2011; Karger & Hennings 2009; Kowalski, Stagl, 
Madlener & Omann 2009; Matteson 2014; Maxim 2014; Ribeiro, Ferreira & Araújo 
2013; Roth et al. 2009; Rovere, Borghetti Soares, Basto Oliveira & Lauria 2010; 
Schenler, Hirschberg, Burgherr, Makowski & Granat 2009; Stamford & Azapagic 2011). 
Furthermore, some authors assess electricity costs (Dombi, Kuti & Balogh 2014; Ev-
ans, Strezov & Evans 2009; Heinrich, Basson, Cohen, Howells & Perie 2007; 
Hirschberg et al. 2005; Kowalski, Stagl, Madlener & Omann 2009; Matteson 2014; 
Maxim 2014; Onat & Bayar 2010; Ribeiro, Ferreira & Araújo 2013; Santoyo-Castelazo 
& Azapagic 2014; Schenler, Hirschberg, Burgherr, Makowski & Granat 2009; Sharma & 
Balachandra 2015; Stamford & Azapagic 2011) to draw conclusions on the affordability 
of electricity for consumers. 
 
While such criteria and indicators without question prove useful to assess the financial 
benefits or burdens electricity may impose, they exclude other important factors that 
determine whether power systems improve human well-being. Even in cases where 
electricity prices are low, some users may not be able to consume energy services due 
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to lack of access to electricity.45 Only one contribution looks at access to electricity and 
electrification rates (Sharma & Balachandra 2015). Moreover, the technical limitations 
of power grids can result in an unstable power supply, potentially damaging electrical 
devices or even causing black-outs (Veloza & Santamaria 2016). Some authors 
acknowledge such issues by formulating distinctive criteria or indicators for evaluating 
supply stability or reliability (Karger & Hennings 2009; Kowalski, Stagl, Madlener & 
Omann 2009; Maxim 2014; Ribeiro, Ferreira & Araújo 2013; Rovere, Borghetti Soares, 
Basto Oliveira & Lauria 2010; Santoyo-Castelazo & Azapagic 2014; Schenler, 
Hirschberg, Burgherr, Makowski & Granat 200909; Stamford & Azapagic 2011). Fur-
thermore, some authors highlight additional technical criteria or indicators for the avail-
ability or capacity of power generation or distribution technologies to measure security 
of supply (Heinrich, Basson, Cohen, Howells & Perie 2007; Hirschberg et al. 2005; 
Onat & Bayar 2010; Maxim 2014; Rovere, Borghetti Soares, Basto Oliveira & Lauria 
2010; Sharma & Balachandra 2015; Stamford & Azapagic 2011). 
 
Complementing financial criteria or indicators with technical ones acknowledges a wid-
er range of benefits and issues related to the delivery of energy services. However, 
there might still be other reasons, such as low education levels, as to why some con-
sumers may not benefit from energy services (Ifegbesan, Rampedi & Annegarn 2016). 
Moreover, even if high incomes or many jobs are created, this does not guarantee that 
electricity systems do indeed deliver crucial energy services, such as heating or cooling 
(Kavousian, Rajagopal & Fischer 2013; Kipping & Trømborg 2015), to those who are in 
need of them. In contrast, measuring the consumption of energy services by users pro-
vides more accurate information on this subject. 
 
Against this backdrop, I argue that measuring the delivery of energy services could be 
a promising way of ensuring that a wider range of known and new potential issues, 
which might prevent actors from drawing electricity from power grids, are considered. 
This approach faces new methodological issues, as the proposed framework requires 
detailed data on the electricity consumption of private households (Kavousian, Ra-
jagopal & Fischer 2013). Today, however, the meters installed in private households 
rarely meet this requirement even in industrialised countries as a result of technical lim-
itations and issues with data security (Barbosa, Brito & Almeida 2016). Furthermore, 
criteria for energy services still need to be accompanied by other criteria related to 
technical or political aspects: excessive consumption of energy services does not nec-
                                               
45
 In rural areas of emerging economies, some communities are still not yet able to enjoy the 
benefits of electricity supply to their homes (Sharma & Balachandra 2015). 
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essarily lead to satisfied consumers. Wasteful behaviours or inefficient electrical devic-
es, for example, which expend precious electricity could also impede energy service 
delivery (Ishak, Sipan, Sapri, Iman & Martin 2016; Staddon, Cycil, Goulden, Leygue & 
Spence 2016). Hence, criteria for energy services need to be complemented with addi-
tional criteria, some of which will be further discussed in this section. 
 
Accordingly, I summarise that the proposed framework has given rise to a new catego-
ry of criteria measuring energy service delivery. When complemented with criteria relat-
ing to efficiency, criteria related to energy services are in a better position than current 
financial criteria and indicators to create a comprehensive picture of the benefits elec-
tric power systems provide to their customer base. Accordingly, these new criteria for 
energy services seem to be a promising addition to sustainability assessments of pow-
er systems. This comparative analysis, however, also shed light to a delimitation of the 
proposed framework: The underlying theoretical elements cannot assess individual 
consumption of electricity or energy services, as the framework is directed at providing 
aggregated criteria. Since studies of individual behaviour take place on a different level, 
it is not feasible to integrate such analyses without fundamentally re-engineering the 
proposed framework. 
 
The subject of energy efficiency brings me to my next task in this section: comparing 
the proposed criteria for energy flows with those recommended in sustainability as-
sessments of power systems reviewed in chapter 4. Accordingly, Table 21 lists the 
previously deduced criteria for energy flows, while the right-hand column indicates how 
often the proposed criteria can be found in the contributions of the research sample. 
Furthermore, criteria and indicators frequently proposed in the research sample, but 
neglected by the proposed framework, are shown once more at the bottom. 
 
Id Criteria for energy flows Occurrence in research sample 
EF01 Provision of renewable energy fluxes None 
EF02 Provision of renewable energy carriers None 
EF03 Provision of nuclear energy carriers None 
EF04 Provision of fossil fuel-based energy carriers Mentioned ≤ 5 times 
EF05 Consumption of renewable energy fluxes Mentioned ≤ 5 times 
EF06 Consumption of renewable energy carriers Mentioned ≤ 5 times 
EF07 Consumption of nuclear energy carriers Mentioned ≤ 5 times 
EF08 Consumption of fossil fuel-based energy carriers Mentioned ≤ 5 times 
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EF09 Energy use for lighting None 
EF10 Energy use for heating None 
EF11 Energy use for cooling None 
EF12 Energy use for cooking None 
EF13 Energy use for cleaning None 
EF14 Energy use for information None 
EF15 Energy use for communication None 
EF16 Energy use for entertainment None 
EF17 Energy use for recreation None 
EF18 Energy use for fuelling of mobility None 
EF19 Energy use for manufacturing of goods and services None 
EF20 Overall energy efficiency Mentioned ≥ 10 times  
n/a Import of energy carriers Mentioned ≥ 5 times  
Table 21: Comparison of criteria and indicators for energy flows 
 (Own elaboration) 
 
In section 9.2, I argued that the natural occurrence of energy fluxes and carriers may 
vary across regions. While some regions are devoid of energy fluxes or carriers, others 
are blessed with vast deposits (Bauer et al. 2016). Accordingly, it is obvious that for re-
gions with limited potentials, exploiting their scarce sources of energy may prove to be 
more difficult and pose further challenges to national transition plans. Against this 
backdrop, I concluded in chapter 9 that sustainability assessments have to consider the 
natural occurrence of energy fluxes and carriers. Furthermore, I argued that the provi-
sion of energy fluxes and energy carriers not only determines the level of well-being 
that may be achieved but also current consumption levels, as wasteful behaviours 
could potentially result in unjustified levels of consumption. Accordingly, I proposed in 
section 9.2 to also assess power consumption. The combined analysis of the natural 
occurrence of energy fluxes and carriers against electricity consumption allows the re-
maining untapped potentials to be computed. 
 
This begs the following question: How should a society proceed if the potential of their 
renewable sources of energy is almost completely exploited? Reducing electricity con-
sumption by making changes to lifestyles or increases in energy efficiency are not the 
only options: another alternative would, of course, be international trade to secure im-
ports of clean electricity. Since the proposed framework does not take political borders 
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into account, however, it was not possible to propose criteria for international trade 
such as imports and exports.46 
 
To better understand the drivers of electricity consumption, I argued in chapter 9 that 
consumption of each energy service should be monitored. Moreover, since conversion 
of energy fluxes and carriers into electricity and its distribution to consumers is bound 
to have conversion losses and some electricity might be used wastefully by consumers, 
I argued in favour of also assessing overall system energy efficiency. All criteria to-
gether paint a holistic picture of the level of energy efficiency and, additionally, seam-
lessly complement the criteria for energy services previously discussed. 
 
In terms of the natural occurrence of energy fluxes and carriers, few authors assign dis-
tinct criteria or indicators to assessing reserves of fossil fuels (Sharma & Balachandra 
2015; Stamford & Azapagic 2011). The research sample does, however, show great in-
terest in the political topics of imports and potential energy dependence on other coun-
tries (Kowalski, Stagl, Madlener & Omann 2009; Ribeiro, Ferreira & Araújo 2013; Rov-
ere, Borghetti Soares, Basto Oliveira & Lauria 2010; Schenler, Hirschberg, Burgherr, 
Makowski & Granat 2009; Sharma & Balachandra 2015; Stamford & Azapagic 2011), 
which the proposed framework was unable to cover. Moreover, the contributions of the 
research sample often cover the theme of energy consumption as some authors quan-
tify energy consumption at aggregated levels (Afgan, Carvalho & Hovanov 2000; 
Karger & Hennings 2009; Kowalski, Stagl, Madlener & Omann 2009; Schenler, 
Hirschberg, Burgherr, Makowski & Granat 2009; Sharma & Balachandra 2015). None 
of the contributions, however, looks at quantifying the use of distinct energy services. In 
order to measure energy efficiency, many authors apply criteria or indicators related to 
overall energy efficiency or energy efficiency of power generation, distribution or supply 
(Afgan, Carvalho & Hovanov 2000; Dombi, Kuti & Balogh 2014; Evans, Strezov & Ev-
ans 2009; Heinrich, Basson, Cohen, Howells & Perie 2007; Hirschberg et al. 2005; 
Matteson 2014; Onat & Bayar 2010; Rovere, Borghetti Soares, Basto Oliveira & Lauria 
2010; Sharma & Balachandra 2015). 
 
Similar to the review of criteria and indicators on energy services, the process of sys-
tematically deducing criteria from the proposed framework yielded new additional cate-
gories of criteria compared to the criteria and indicators in the research sample. While 
many assessments reviewed in chapter 4 examined energy consumption, the research 
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 International trade is also consistently brought forward as viable alternative by sustainabil-
ity key literature (UN 2015; WCED 1987). 
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sample neglects the natural occurrence of renewable energy fluxes and carriers. Ex-
tracting such data is nevertheless a crucial prerequisite for drawing conclusions on how 
potentials can be further explored or whether the limits of domestic electric power gen-
eration are about to be reached (Duscha 2016; Juaidi Montoya, Ibrik & Manzano-
Agugliaro 2016). An examination of energy consumption alone does not provide infor-
mation on how much nuclear or fossil fuel-based generation can still be substituted with 
local renewable energy fluxes or carriers, nor does it give insight into whether efforts to 
increase energy efficiency are the only remaining option for reducing fossil fuel-based 
or nuclear power generation. This reveals another key strength of the proposed frame-
work: the combined analysis of the natural occurrence of energy fluxes and carriers 
against consumption levels. While similar evaluations are frequently carried out, they 
have yet to be integrated into sustainability assessments and, thus, constitute a new 
field for sustainability assessments that may add vital information for decision makers. 
 
Furthermore, none of the contributions analysed the consumption of energy services. 
Such data could prove useful for determining the energy intensity of specific energy 
services, thus providing a promising starting point for energy efficiency measures (Ah-
madi-Karvigh, Becerik-Gerber & Soibelman 2016; Farinaccio & Zmeureanu 1999; 
Jones, Fuertes & Lomas 2015; Larsen & Nesbakken 2004). Accordingly, another bene-
fit of the framework for sustainability assessments lies in considering the electricity 
consumption of each energy service across the entire value chain, which is deemed 
relevant by many researchers (Paiano, Lagioia & Cataldo 2013; Sugiyama, Honma & 
Mishima 2016). Such analyses of energy services might offer new insights on where to 
increase energy efficiency efforts. This, however, brings us to a shortcoming of the 
proposed framework which I mentioned while discussing criteria for energy services: 
additional data on the consumption of individual energy services is required in order to 
operate the framework in the field. Currently, however, only limited data is available 
that could be used in sustainability assessments. Nevertheless, this deficiency could at 
least be partly overcome by deploying smart metering technologies (Kavousian, Ra-
jagopal & Fischer 2013). 
 
To summarise, the comparison of contributions reviewed in chapter 4 with the criteria 
produced by means of the framework for sustainability assessments revealed two en-
tirely new categories of criteria, namely, consideration of occurrence of energy sources 
and energy use for energy services. When applying the proposed framework, however, 
additional attention needs to be paid to political aspects: international cooperation to 
secure imports of clean electricity in energy flux-constrained systems might play a ma-
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jor role in combatting environmental degradation on a global level. The problem of in-
corporating this aspect into the proposed framework could be solved pragmatically by 
framing the geographical system scope according to political boundaries or multina-
tional territories. Whatever the case, enhancing the framework for sustainability as-
sessments so as to be able to cope with detailed import/export analyses among coun-
tries would require a significant extension of the methodological base using economic 
models. Since these models address different levels to those methodologies currently 
applied, I have doubts that such an extension could be done without substantially re-
engineering the proposed framework. 
 
I shall proceed by evaluating the proposed criteria for material flows against similar cri-
teria and indicators proposed by current sustainability assessments of electricity sys-
tems. Table 22 lists the previously deduced criteria together with comments on how of-
ten they are represented in the research sample reviewed in chapter 4. 
 
Id Criteria for material flows Occurrence in research sample 
MF01 Provision of non-renewable resources Mentioned ≤ 5 times 
MF02 Consumption of non-renewable resources Mentioned ≥ 5 times  
MF03 Provision of renewable resources Mentioned ≤ 5 times  
MF04 Consumption of renewable resources Mentioned ≤ 5 times  
MF05 Provision of fossil fuels Mentioned ≤ 5 times  
MF06 Consumption of fossil fuels Mentioned ≤ 5 times  
MF07 Emission of greenhouse gases Mentioned ≥ 15 times 
MF08 Absorption of greenhouse gases None 
MF09 Emission of chlorofluorocarbons Mentioned ≤ 5 times 
MF10 Absorption of chlorofluorocarbons None 
MF11 Emission of sulphur and nitrogen oxides Mentioned ≤ 5 times 
MF12 Absorption of sulphur and nitrogen oxides None 
MF13 Emission of particulate matter Mentioned ≤ 5 times 
MF14 Breakdown of particulate matter None 
MF15 Use of land Mentioned ≥ 10 times 
MF16 Availability of land None 
MF17 Distortion of ecosystems Mentioned ≤ 5 times 
MF18 Delivery of ecosystem services None 
MF19 Losses in biodiversity Mentioned ≤ 5 times 
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MF20 Biodiversity None 
MF21 Causes of eutrophication and acidification Mentioned ≥ 5 times 
MF22 Resilience to eutrophication and acidification None 
MF23 Erosion of soil and desertification Mentioned ≤ 5 times 
MF24 Provision of soil None 
MF25 Causes of eco-toxicity Mentioned ≤ 5 times 
MF26 Absorption of eco-toxicity None 
MF27 Reduction in life expectancy Mentioned ≥ 5 times 
MF28 Life expectancy None 
MF29 Increase in exposure to catastrophic risks Mentioned ≤ 5 times 
MF30 Exposure to catastrophic risks None 
MF31 Causes of electromagnetic radiation Mentioned ≤ 5 times 
MF32 Resilience to electromagnetic radiation None 
MF33 Causes of nuclear waste Mentioned ≤ 5 times 
MF34 Absorption of nuclear waste None 
MF35 Causes of land contamination/nuclear radiation Mentioned ≤ 5 times 
MF36 Resilience to land contamination/nuclear radiation None 
Table 22: Comparison of criteria and indicators for material flows 
 (Own elaboration) 
 
In section 9.3, I explained that altering energy and material flows in power systems to 
serve human purposes also brings about unintended consequences in the form of re-
source depletion and pollution. Against this backdrop, the regeneration rates of renew-
able resource stocks and ecological emission sinks are known to play a key role in 
breaking down pollution and preventing long-term environmental degradation and, 
thus, potentially severe damage to human health. 
 
Scientists and political leaders argue that some severe forms of environmental degra-
dation, such as global warming, the depletion of the ozone layer, deforestation and the 
exhaustion of resource stocks, can be expected to negatively affect future generations 
and they conclude that energy systems in general and power systems in particular are, 
among other crucial infrastructure systems, the key drivers eroding the ecological capi-
tal (Atilgan & Azapagic 2015; Brizmohun, Ramjeawon & Azapagic 2015; Goodenough 
et al. 2016; IPCC 2007; Susanti & Maryudi 2016; Zikos & Hagedorn 2017). Against this 
backdrop, I argued earlier that sustainability assessments of power systems need to 
evaluate depletion rates of resource stocks in relation to their regeneration or recycling 
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capacities and that hazardous pollution should be compared with the capacities of 
emission sinks. 
 
A comparison of the proposed criteria for resource provision and consumption derived 
by the proposed framework with those of the research sample reviewed in chapter 4 
reveals strong similarities among criteria for the consumption of natural resources. 
Most contributions contain corresponding criteria or indicators (Afgan, Carvalho & 
Hovanov 2000; Hirschberg et al. 2005; Karger & Hennings 2009; Kowalski, Stagl, 
Madlener & Omann 2009; Roth et al. 2009; Santoyo-Castelazo & Azapagic 2014; 
Schenler, Hirschberg, Burgherr, Makowski & Granat 2009) including fossil fuels. How-
ever, none of the studies seeks to quantify resource stocks or regeneration rates. In the 
absence of such data, decision makers will find it more difficult to determine the reach 
of resource deposits or the maximum sustainable yield rates. There is one notable ex-
ception though: Matteson (2014) introduces an indicator for resource conservation. 
 
In terms of pollutant emissions, virtually all authors consider key forms of environmen-
tal degradation except for those that initially state that their focus is exclusively on so-
cial indicators. Global warming, land use, toxicity to aquatic ecosystems and risks to 
human health are among the most frequently mentioned (Afgan, Carvalho & Hovanov 
2000; Dombi, Kuti & Balogh 2014; Evans, Strezov & Evans 2009; Grunwald & Rösch 
2011; Heinrich, Basson, Cohen, Howells & Perie 2007; Hirschberg et al. 2005; 
Jeswani, Gujba & Azapagic 2011; Karger & Hennings 2009; Kowalski, Stagl, Madlener 
& Omann 2009; Matteson 2014; Onat & Bayar 2010; Ribeiro, Ferreira & Araújo 2013; 
Roth et al. 2009; Rovere, Borghetti Soares, Basto Oliveira & Lauria 2010; Santoyo-
Castelazo & Azapagic 2014; Schenler, Hirschberg, Burgherr, Makowski & Granat 2009; 
Sharma & Balachandra 2015; Stamford & Azapagic 2011). However, none of the 
scholars put an effort into quantifying the tolerable thresholds of the emission sinks that 
prevent environmental degradation. One has to be aware, however, that such thresh-
olds or tipping points constitute political consensus related to catastrophic events. 
 
The above results show that the proposed framework is once more able to propose 
new meaningful categories for criteria: it allows for the capture of key resource deposits 
including regeneration or recycling rates. This data is vital as some resources, such as 
metals and water, are necessary preconditions for constructing and operating electric 
power infrastructure and are becoming increasingly scarce (Goodenough et al. 2016; 
Zikos & Hagedorn 2017). Furthermore, those resource requirements that are frequently 
covered by the research sample are also considered by the proposed framework. As 
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argued above, both growth and consumption-related criteria are required to determine 
the amount of resources that is spent today and how much is carried forward to future 
generations. Without both types of resource-based criteria, decision makers will find it 
difficult to grasp the impact of their decisions on the development paths that ought to 
be pursued. If decision makers know that current consumption patterns lie beyond re-
generation rates or lead to an exhaustion of critical resource deposits, then they might 
be inclined to opt for a different development path than if they had not known. 
 
In terms of pollution, the proposed framework also highlighted a new category of crite-
ria that is absent in the research sample: the natural capacity of ecosystems or human 
bodies to break down pollutant emissions (Moreira & Pires 2016; Weissert, Salmond & 
Schwendenmann 2014). The proposed framework is also able to identify almost all of 
the criteria and indicators found in the contributions reviewed in chapter 4: the research 
sample contains very few additional pollutant emissions which are proposed only once, 
such as noise and the visual impairment of landscapes (Gallo, Fredianelli, Palazzuoli, 
Licitra & Fidecaro 2016; Sedoff, Schott & Karney 2014). These exceptions shed light 
on another weakness of the proposed approach: since the proposed framework is 
based on a stringent analysis of energy and material flows for the biophysical part of 
the system, problems stemming from sources other than energy and material flows re-
main undetected. There was no way that the proposed framework could have led to the 
discovery of criteria related to noise or aesthetics. However, this flaw could be easily 
remedied by adding theoretical elements that cover other aspects, such as those men-
tioned above. In the case of noise, for instance, an additional methodology could be 
used that is directed at measuring sound in decibel and which evaluates the measure-
ment against tolerable levels for human beings. This would then ultimately result in 
adding an additional methodological step to the existing methodological base of the 
proposed framework: in addition to energy and material flow analysis sound measure-
ments would also be carried out for all the technical components of the system. Ac-
cordingly, I perceive an extension of the proposed framework that covers the additional 
aspects of noise or aesthetics to be feasible by expanding the methodological base. 
 
To summarise, a major strength of the proposed framework lies in recognising the rele-
vance of both resource stocks and emission sinks, including their regeneration or ab-
sorption rates: should a society opt to refrain from jeopardising opportunity spaces for 
future generations, then consumption will have to lie within the reach of regeneration or 
recycling rates. The same rule would also apply to pollutant emissions and emission 
sinks: human populations can strive for development so long as the pollution absorp-
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tion threshold of the environment is not breached. In order to enable such conscious 
decisions, corresponding data is required, and this is another key strength of the pro-
posed framework: it provides the categories for accessing essential data on resources 
and emissions as well as natural limits. Against this backdrop, I argue that the pro-
posed framework offers a distinct advantage over those sustainability assessments re-
viewed in chapter 4 as it provides data on resource consumption and emission levels 
including their regeneration and absorption rates. Accordingly, it allows thresholds for 
sustainable yields to be identified and this additional information might prove useful to 
decision makers in determining policy goals or in case of conflicting priorities. 
 
Finally, I shall conclude this section with a comparison of the proposed criteria for soci-
etal steering processes and the social aspects assessed in the contributions of the re-
search sample. Table 23 contains criteria derived from the proposed framework, while 
the right-hand column contains information on how often a criterion is mentioned by the 
research sample. Since the contributions of the research sample did not consistently 
reveal new societal criteria, the list only contains criteria highlighted in the framework 
for sustainability assessments. 
 
Id Criteria for societal steering processes Occurrence in research sample 
SS01 Research on system dynamics and interdependen-
cies 
None 
SS02 Research on societal steering None 
SS03 Research on power infrastructure and electrical de-
vices 
Mentioned ≤ 5 times 
SS04 Research on ecological capacities None 
SS05 Contribution of system knowledge and experiences 
gained 
None 
SS06 Compilation of divisional strategy and scenarios None 
SS07 Facilitation of arenas for public debates None 
SS08 Proposals on steering and instrumental rules None 
SS09 Adoption of steering and instrumental rules in laws None 
SS10 Involvement of civil society None 
SS11 Adaptation of strategies and business models None 
SS12 Proposals on criteria and general goals None 
SS13 Adoption of criteria and general goals None 
SS14 Proposals on organisational set-up and steering in-
struments 
None 
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SS15 Adoption of organisational set-up and steering in-
struments 
Mentioned ≤ 5 times 
SS16 Adaptation of solutions offering Mentioned ≤ 5 times 
SS17 Publishing of scientific reports Mentioned ≤ 5 times 
SS18 Incorporation of findings into policies None 
SS19 Conducting of sustainability reporting Mentioned ≤ 5 times 
SS20 Monitoring of and commenting on system develop-
ments 
None 
Table 23: Comparison of criteria and indicators for societal steering processes 
 (Own elaboration) 
 
In section 9.4, I outlined the importance of identifying the key actors and their activities 
in sustainability assessments of power systems. In societal steering processes, various 
actors agree on the long-term development objectives of power systems through nego-
tiation and deliberation. The resulting consensus imposes requirements on the design 
of power infrastructure and thereby determines which power generation and electricity 
grid technologies will be deployed by electricity utilities or which types of electrical de-
vices are used by consumers. These decisions inevitably affect the productivity of the 
environment and thus also determine opportunity spaces for future generations. Ac-
cordingly, I argued in favour of dedicating criteria to the efforts of key actors in sustain-
ability assessments. Against this backdrop, the proposed framework yields a set of cri-
teria directed at researchers, policy makers and administrations, market actors and civil 
society actors, and the roles they assume in reflexive transformation governance. 
 
The vast majority of sustainability assessments of power systems reviewed in chapter 
4 looks at social aspects. This already includes the indicators on job opportunities or 
income mentioned previously, which I took the liberty of discussing in the context of cri-
teria for energy services. While the research sample so far contained criteria or indica-
tors that were suggested several times, a huge variety of criteria and indicators is pro-
posed for actors in the social realm. One contribution recommends indicators related to 
justice (Kowalski, Stagl, Madlener & Omann 2009), while others propose indicators on 
risks (Gallego Carrera & Mack 2010; Maxim 2014; Roth et al. 2009; Santoyo-Castelazo 
& Azapagic 2014; Schenler, Hirschberg, Burgherr, Makowski & Granat 2009). Two au-
thors dedicate indicators to accidents (Schenler, Hirschberg, Burgherr, Makowski & 
Granat 2009; Stamford & Azapagic 2011), while others propose indicators for themes 
like social cohesion (Evans, Strezov & Evans 2009), corruption (Stamford & Azapagic 
2011), innovation (Gallego Carrera & Mack 2010; Karger & Hennings 2009), intergen-
erational issues (Santoyo-Castelazo & Azapagic 2014) and participation (Gallego Car-
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rera & Mack 2010; Schenler, Hirschberg, Burgherr, Makowski & Granat 2009). Unfor-
tunately, background information on how authors choose their criteria and indicators is 
not provided, although authors sometimes state that they relied on expert interviews or 
literature to decide on which indicators to choose. 
 
The variety of recommended indicators was somewhat unexpected, as there is much 
common ground among scholars on key social aspects of SD; for instance, scientists 
and politicians agree that research plays a crucial part in identifying new sources of en-
vironmental degradation and developing appropriate remedies (Bilotta, Milner & Boyd 
2014). Furthermore, there is a common understanding that policy makers and admin-
istrations have a pivotal role to play in implementing policies and frameworks to alter 
behaviours that erode the environment (Dean 2010; McKee 2009). Moreover, manufac-
turers and suppliers are broadly perceived to deploy business models and technologies 
based on policy frame conditions (Govindan, Seuring, Zhu & Farrido Azevedo 2016). 
Lastly, there is also broad agreement among scientists and policy makers that civil so-
ciety actors should monitor system development and play a more prominent role in re-
flexive processes by collectively organising action (Eichbaum 1993). Against this back-
drop, I argued in chapter 11 that sustainability assessments should also cover these 
actors and their activities. Ultimately, both the broad consensus on social aspects of 
SD among scientists and political leaders, as well as the high variability of proposed 
social criteria for sustainability assessments of electric power systems, make a strong 
case for a systematic approach. 
 
The proposed framework does exactly that – it enables a systematic analysis to identify 
key actors, crucial interfaces between actors and the environment, as well as analyses 
of their activities. By drawing on the proposed framework, I was able to generate a 
well-structured set of criteria for each actor. Some of the proposed criteria are also pre-
sent in the contributions of the research sample, such as policy (Sharma & Balachan-
dra 2015), competition and markets (Sharma & Balachandra 2015), periodic publica-
tions (Sharma & Balachandra 2015), creation and development of knowledge on new 
technologies (Karger & Hennings 2009) and market concentration (Gallego Carrera & 
Mack 2010). However, the other criteria derived from the proposed framework are not 
represented in the research sample. 
 
Since this may seem at first to be modest support for the proposed framework, I shall 
highlight the benefits of the proposed criteria for societal steering processes. Firstly, the 
proposed framework allows a set of criteria to be generated that focuses on key actors 
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in the system and their activities; this is required in order to define goals and develop 
the system. As such, this set of criteria is more consistent than the loose assortment of 
social aspects in current sustainability assessments of electric power systems. Second-
ly, since key actors and their activities are represented, decision makers may obtain 
data on which actors actively support transition processes and which hamper the envi-
sioned development. Should, for instance, power suppliers refrain from deploying re-
newable energy technologies or neglect energy efficiency efforts, then this becomes 
apparent through the analysis of such criteria. However, there is also an obvious limita-
tion of the proposed framework related to underlying assumptions on how a society is 
organised. Since criteria on societal development are based on the assumed frame-
work of reflexive transformation governance, proposed criteria only serve their full pur-
pose in regimes where such governance is indeed in place. In regimes that fundamen-
tally oppose the assumed governance, the set of meaningful criteria could look differ-
ent. In fully centralised governments, for example, non-state actors may be expected to 
contribute very little if at all. 
 
12.2 Steering rules and general goals 
Only one of the contributions reviewed in chapter 4 strived to translate the normative 
features of SD into a set of rules (Grunwald & Rösch 2011). The substantial principles 
of the IFSD approach and the steering rules of the proposed framework are on the 
same level and seek to provide answers to the question: What should be sustained? 
Accordingly, the steering rules of the proposed framework can be compared to the 
substantial principles of the IFSD approach. The contribution of Grunwald and Rösch, 
(2011) however, refrains from further enriching substantial principles to derive goals in 
regard to criteria for sustainability assessments of power systems. 
 
This represents another essential benefit of the proposed framework as such goals fur-
ther support the process of operationalising SD. In this section, I shall therefore com-
pare the steering rules deduced from the proposed framework with the substantial prin-
ciples of the IFSD approach, as proposed by the contribution of Grunwald and Rösch, 
(2011) in order to identify and explore differences between the two. 
 
I shall start the discussion of steering rules by listing those of the proposed framework 
and comparing them with the substantial principles of sustainable development pro-
posed by Grunwald and Rösch (2011). Accordingly, Table 24 contains the steering 
rules of the framework for sustainability assessments in sequential order on the left-
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hand side, matched to the substantial principles of the IFSD approach advocated in the 
scientific paper of Grunwald and Rösch (2011) on the right side. Those substantial 
principles for which the proposed framework did not yield corresponding steering rules 
are placed at the end of the table.47 
 
Framework for sustainability assessments 
Steering rules 
IFSD approach 
Substantial principles 
1.1 Electric power systems enable the provision of 
lighting 
- 
1.2 Electric power systems enable the provision of 
heating and cooling 
Protection of human health 
Securing the satisfaction of basic needs 
1.3 Electric power systems enable the provision of 
cooking and cleaning services 
Protection of human health 
Securing the satisfaction of basic needs 
1.4 Electric power systems enable information and 
communication services 
Equal access to education, information and an occu-
pation 
1.5 Electric power systems enable entertainment and 
recreation 
- 
1.6 Electric power systems provide for electric 
transport 
- 
1.7 Electric power systems enable the provision of 
goods and services 
- 
2.1 Renewable sources of energy are exploited while 
non-renewable energy carriers serve as residual 
sources 
- 
2.2 The consumption of renewable sources of ener-
gy does not exceed regeneration rates 
- 
2.3 Electric power systems strive for highest possible 
energy efficiency 
- 
3.1 Consumption of resources does not exceed re-
generation and recycling rates 
Sustainable use of renewable resources 
Sustainable use of non-renewable resources 
3.2 Emissions caused by the power infrastructure 
remain within the extent of emission sink capacities 
Sustainable use of the environment as a sink 
3.3 Actors face minimal risk exposure with regard to 
catastrophic events and serious accidents and ill-
nesses 
Avoidance of unacceptable risks 
3.4 Resource stocks are shielded from the adverse 
effect of power infrastructure 
- 
3.5 Emission sinks are safeguarded against degra-
dation caused by power infrastructure 
- 
3.6 Key ecosystems are protected from emissions 
emanating from the power infrastructure 
- 
- Autonomous self-support 
- Compensation for extreme differences in income and 
wealth 
- Conservation of nature’s cultural functions 
- Conservation of social resources 
- Conservation of the cultural heritage and of cultural 
diversity 
                                               
47
 I outlined the cornerstones of the IFSD approach in section 7.6 (Kopfmüller 2001). 
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- Just distribution of natural resources 
- Participation in societal decision-making processes 
- Sustainable development of real, human and 
knowledge capital 
Table 24: Comparison of steering rules and substantial principles 
 (Own elaboration) 
 
The first notable difference clearly lies in the different scopes applied to both contribu-
tions: the IFSD approach provides a set of substantial principles universally applicable 
across all key systems (Grunwald & Rösch 2011). In contrast, the framework for sus-
tainability assessments is specifically geared to electricity systems. This is a strength of 
the proposed framework since steering rules with corresponding general goals facilitate 
an easier operationalisation of sustainability assessments of electric power systems. 
The IFSD approach, however, requires further steps to translate substantial principles 
into goals for the criteria for sustainability assessments of power systems. This also 
hints at a challenge one may face when putting the proposed framework into practice: 
for every critical system a dedicated set of steering rules and general goals has to be 
formulated. Should such an endeavour be carried out for several systems, then some 
extra effort is likely to be required to align the steering rules and general goals of differ-
ent systems in order to ensure they mutually support rather than contradict each other 
and cohesively contribute to overarching sustainability objectives. Nonetheless, as ar-
gued throughout this thesis, in order to create sustainability assessments with general 
goals for criteria that mirror the normative features of SD, system-specific steering rules 
are required to provide a basis for goal-oriented decision-making support. 
 
Secondly, the proposed framework yields steering rules dedicated to the output of 
power systems, namely, energy services. The more aggregated contribution of Grun-
wald and Rösch (2011), however, refrains from doing this. Their more general substan-
tial principles are directed at the benefits provided by key systems. The substantial 
principles of ‘protection of human health’ or ‘securing the satisfaction of basic needs’, 
for example, cover similar aspects of well-being as energy services for ‘heating and 
cooling’ or ‘cooking and cleaning’. Furthermore, the steering rule related to the energy 
service of ‘information and communication’ and the substantial principle of ‘equal ac-
cess to education, information and an occupation’ are also directed at similar themes, 
although obviously at different levels. Accordingly, both approaches seek to set goals 
that are related to societal development. However, there are also interesting differ-
ences here: while the framework for sustainability assessment contains a steering rule 
related to the ‘provision of goods and services’, the IFSD approach refrains from 
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providing a substantial rule related to the output of businesses or economic develop-
ment. Moreover, there is no substantial principle related to ‘mobility’, which may be 
traced back to its release date: the IFSD approach was originally published in 2001 
when electric mobility was still in its infancy. This further emphasises the importance of 
regularly reviewing and updating steering rules and general goals as changes in politi-
cal or technological frame conditions occur. 
 
Thirdly, the proposed framework entails a set of steering rules related to energy flows. 
This comes as no surprise, as the framework is developed based on the example of 
electric power systems. It is, however, a surprise to find that the IFSD approach does 
not uphold any substantial principles related to energy in spite of ongoing discussions 
on the environmental degradation caused by energy systems. Accordingly, another 
benefit of the proposed framework lies in its recognition of the relevance of considering 
key system flows depending on the system applied. 
 
Fourthly, there are strong similarities among steering rules related to resource deposits 
and emission sinks in the proposed framework and the substantial principles of the 
IFSD approach. Both approaches foresee evaluating resource consumption and pollu-
tion in terms of the capacity of the environment to produce resources and break down 
pollution (Grunwald & Rösch 2011). This procedure is also very much in line with the 
work carried out by the Enquete Commission in 1998 for Germany (EK 1998). This 
commonality may be explained by the fact that all systems need to draw on some re-
sources and cause emissions. Accordingly, both the more aggregated IFSD approach 
and the electricity system-specific steering rules of the proposed framework consider 
them. The IFSD approach, however, provides also an additional substantial principle 
on the subject of natural resources: ‘conservation of nature’s cultural functions’. Since 
the framework for sustainability assessments is based on an analysis of energy flows, 
material flows and societal steering processes, cultural aspects of the environment are 
not subject to analysis. This shows a limitation of the proposed framework, as its re-
sults are, as already mentioned in the previous section, strongly related to methodolo-
gies used to derive criteria and general goals. This deficiency could be remedied, like 
the aforementioned criteria related to noise and aesthetics, by adding an additional 
theoretical element to the proposed framework that considers this aspect of ecological 
capital. Hence, this additional aspect could be covered by expanding the methodologi-
cal base using approaches related to the cultural value of ecosystems. 
 
  
 
Framework for Sustainability Assessments - 262 - 
Fifthly, both approaches acknowledge the potentially catastrophic risks that may stem 
from electric power infrastructure. While I introduced steering rule 3.3 Actors face min-
imal risk exposure with regard to catastrophic events and serious accidents and ill-
nesses, the IFSD approach entails the principle of Avoidance of unacceptable risks. 
 
Some of the substantial principles of sustainability proposed by Grunwald and Rösch 
(2011) not only address the question of What should be sustained?, but also aspects 
related to answering the question: How should this be sustained? This involves, among 
other things, the substantial principles on ‘Participation in societal decision-making pro-
cesses’, ‘Autonomous self-support’ and ‘Compensation for extreme differences in in-
come and wealth’. The proposed framework, however, considers these themes under 
the subject of instrumental rules. Accordingly, I shall proceed with a review of instru-
mental rules and general goals for social criteria in sustainability assessments of power 
systems. 
 
12.3 Instrumental rules and general goals 
Similar to the subject of steering rules and general goals in sustainability assessments, 
only the contribution of Grunwald and Rösch (2011) reviewed in chapter 4 provides a 
set of instrumental principles that addresses the same subject as the instrumental rules 
of the proposed framework. Against this backdrop, I am once more only able to com-
pare the instrumental rules of the proposed framework with the instrumental principles 
for their contribution. This endeavour will, however, also prove valuable for gaining in-
sights on the results of the framework for sustainability assessments. I shall start this 
endeavour by listing the instrumental rules of the proposed framework on the left-hand 
side of Table 25 and match them to the instrumental principles of the IFSD approach 
used in the scientific paper of Grunwald and Rösch (2011), on the right-hand side. 
Those instrumental principles of the IFSD approach which are not covered by the pro-
posed framework are listed at the bottom of the table. Furthermore, those substantial 
principles that are not covered by steering rules are shown in brackets. 
 
Framework for sustainability assessments 
Instrumental rules 
IFSD approach 
Instrumental principles 
4.1 Scientists research system dynamics, technolo-
gies and behaviours 
 
4.2 Policy makers enact energy policy promoting re-
newable energy technologies and energy efficiency 
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4.3 Suppliers provide electricity to consumers in a 
reliable and non-discriminatory way 
 
4.4 Suppliers develop business models and drive 
system transition through implementation 
 
5.1 Policy makers establish frameworks that encour-
age participation, innovation and dynamic system 
development 
(Autonomous self-support); (Participation in societal 
decision-making processes); Self-management; Self-
organisation 
5.2 Actors contribute to increasing a collective un-
derstanding of the system and deducing measures 
Balance of power 
6.1 Organised institutional actors observe develop-
ments and collectively respond to irregularities 
Society’s reflexivity; Society’s ability to respond 
6.2 Design of power infrastructure fosters innovation 
and prevents technological lock-ins 
- Internalisation of external social and environmental 
costs; Adequate discounting; Restrictions on debt 
- Fair international economic relations; Encourage-
ment of international cooperation 
- (Compensation of extreme differences in income and 
wealth); (Just distribution of natural resources) 
- (Sustainable development of real, human and 
knowledge capital) 
- (Conservation of social resources) 
- (Conservation of the cultural heritage and of cultural 
diversity) 
Table 25: Comparison of instrumental rules 
 (Own elaboration) 
 
The instrumental rules of the proposed framework are based on reflexive transfor-
mation governance and thus assume that current sustainability issues are character-
ised by unclear goals, as well as a decentralisation of critical system knowledge and 
decision power, as described in section 3.2. Against this backdrop, it seems obvious 
that the proposed instrumental rules address critical stages of the operationalisation of 
SD. In contrast, the instrumental principles of the IFSD approach are not only directed 
at governance of change, but also contain additional financial and political principles 
(Kopfmüller et al. 2001). Since the instrumental rules of the proposed framework are 
exclusively derived from reflexive governance of change without features of economic 
models or political processes, it is not possible to introduce economic or political condi-
tions to be met. While I fully acknowledge the relevance of economic and political as-
pects in achieving transitions towards more sustainable states and the frequent men-
tion of this in the key sustainability literature (UNCED 1992; WCED 1987), the pro-
posed framework cannot consider such aspects as a result of its methodological base. 
Indeed, economic models are clearly on a different level to that of reflexive transfor-
mation governance. Thus, accommodating both levels would vastly increase the com-
plexity of the proposed framework. Accordingly, I doubt that economic models could be 
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easily incorporated into the proposed framework. However, there are also notable dif-
ferences between the instrumental rules of the proposed approach and the instrumen-
tal principles of the IFSD approach on a more detailed level. 
 
Firstly, the proposed framework contains instrumental rules related to the contributions 
of scientists, policy makers and administrations, as well as market actors: 4.1 Scientists 
research system dynamics, technologies and behaviours, 4.2 Policy makers enact en-
ergy policy promoting renewable energy technologies and energy efficiency, 4.3 Sup-
pliers provide electricity to consumers in a reliable and non-discriminatory way and 4.4 
Suppliers develop business models and drive system transition through implementa-
tion. The IFSD approach does not contain principles related to these actors. 
 
Secondly, both approaches provide rules and principles on the subject of participation: 
Grunwald and Rösch (2011) dedicate a set of substantial and instrumental principles to 
‘Autonomous self-support’, ‘Participation in societal decision-making processes’, ‘Self-
management’ and ‘Self-organisation’. However, the instrumental rules of the proposed 
framework assume that such conditions are already met and specify the obligation of 
policy makers to ensure that 5.1 Policy makers establish frameworks that encourage 
participation, innovation and dynamic system development. While the higher level of 
specificity on this theme is a strength of the framework for sustainability assessments, 
it also sheds light on a weakness: the proposed framework can only be applied to 
those cases in which a majority of the electric power infrastructure is already in place 
and there is reflexive governance to conduct a system transition. Hence, it is less suit-
able for emerging economies that have not yet installed any power infrastructure. Since 
reflexive governance is a necessary precondition for both SD and the proposed frame-
work, the latter cannot be further developed to cope with other modes of governance. 
 
Thirdly, both approaches examine the subject of power albeit with a different focus. 
The IFSD approach dedicates a generic instrumental principle to ‘Balance of power’. In 
contrast, the proposed framework implies balance of power by introducing the instru-
mental rule that actors should contribute collectively to an encompassing understand-
ing of the system and a definition of steering instruments: 5.2 Actors contribute to in-
creasing a collective understanding of the system and deducing measures. 
 
Fourthly, there are, however, strong similarities between the reflexivity approaches as 
both dedicate instrumental rules or principles to this subject. While the IFSD approach 
upholds principles of ‘Society’s reflexivity’ and ‘Society’s ability to respond’ on a more 
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general level (Grunwald & Rösch 2011), the proposed framework introduces a more 
specific instrumental rule. Accordingly, ‘Society’s reflexivity’ is broken down into the 
rule of 6.1 Organised institutional actors observe developments and collectively re-
spond to irregularities, thus emphasising organisational aspects of reflexivity. Further-
more, the proposed framework ‘society’s ability to respond’ is more closely related to 
technical components of power systems: 6.2 Design of power infrastructure fosters in-
novation and prevents technological lock-ins. This narrower definition seems appropri-
ate as another instrumental rule is already directed at societal reflexivity. To summa-
rise, both approaches dedicate instrumental rules or principles to the subject of reflexiv-
ity and there seems to be agreement on the relevance of this subject in the context of 
operationalising SD. 
 
Lastly, there are also two substantial principles related to justice, proposed by the IFSD 
approach, that are absent in both lists of rules in the proposed framework: ‘Compensa-
tion of extreme differences in income and wealth’ and ‘Just distribution of natural re-
sources’ (Grunwald & Rösch 2011). The proposed framework does not contain any 
specific rules on justice as meeting the specified steering rules should, to the best of 
the current scientific knowledge, lead to the conservation of a productive environment 
for future generations. Along these lines, meeting the rules specified above should 
safeguard intergenerational justice. The subject of intragenerational justice, however, is 
very complex and would require a more detailed analysis of societal aspects in order to 
be covered by the proposed framework. Since such analyses are carried out on differ-
ent levels, I doubt that they may be easily integrated into the proposed framework. Ac-
cordingly, this aspect cannot be adequately captured by the framework for sustainabil-
ity assessments. 
 
The findings of sections 12.1 to 12.3 are based on an evaluation of sustainability as-
sessments of electric power systems against the structural features of the proposed 
framework and specific contributions that aim to fill the current knowledge gaps. How-
ever, as initially outlined with this thesis I strive to provide a framework for sustainability 
assessments that can be applied universally to complex coupled human-environment 
systems. Accordingly, I still need to draw conclusions on the strengths and weakness-
es of the proposed framework on a general level in order to accomplish this task. 
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12.4 Conclusions 
The comparative analysis revealed strengths and shortcomings of the framework for 
sustainability assessments. In this section, I shall summarise the key findings, high-
lighting those contributions that may stimulate the current scientific debate on how to 
enhance sustainability assessments to provide a more comprehensive basis for evi-
dence-based and goal-oriented decision support in the development of critical systems. 
 
Firstly, the proposed framework is based on proven theoretical elements that allow for 
a systematic identification of criteria for complex coupled human-environment systems. 
The exemplary results for electric power systems show that applying a holistic system 
scope leads to the identification of crucial new criteria involving, among other things, an 
analysis of energy services, hitherto absent in sustainability assessments. As such, 
applying the proposed framework leads to a more holistic set of criteria that allows for 
evaluating whether the system contributes to the improvement of human well-being 
and the safeguarding of ecological productivity. Furthermore, almost all of the previous-
ly identified criteria were also produced by the framework for sustainability assess-
ments with a few exceptions. Although some of these exceptions could be remedied by 
expanding the theoretical base of the proposed framework, it may not be feasible to in-
corporate others as they relate to other levels. 
 
Secondly, criteria deduced using a structured and transparent approach are likely to be 
less susceptible to criticism relating to bias, as the additional transparency of applied 
methodologies provides reasons as to why certain criteria are proposed and others are 
not. This transparency can be expected to facilitate discussions on appropriate ap-
proaches and methods for sustainability assessments. Such discussions are likely to 
promote the continuous refinement of methodologies. 
 
Thirdly, the design of the proposed framework fits well with reflexive transformation 
governance because it allows applied methodologies to be modified and new ones to 
be introduced as scientific knowledge on the critical features and interfaces of the sys-
tem under review grows. Accordingly, the framework for sustainability assessments 
can co-evolve with research and be further developed as new insights on the system or 
crucial interdependencies among components or other key systems are gained. 
 
Fourthly, for the first time, the proposed framework introduces general goals for criteria 
in sustainability assessments based on a current scientific interpretation of SD and 
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previously deduced system criteria. This systematic approach ensures that goals cor-
respond to the normative features of SD, as opposed to participatory endeavours, in-
cluding expert interviews, that will find it difficult to guarantee that choices of criteria or 
goals mirror such normative requirements. This additional normative feature represents 
an entirely new scientific contribution for sustainability assessments. It expands current 
information on system performance by incorporating sustainability goals, thus enabling 
decision makers to evaluate system data against predefined objectives mirroring the 
guiding principles of SD. 
 
Fifthly, once normative goals are directly fitted to criteria in sustainability assessments, 
the assessments no longer serve a purely descriptive purpose. Rather, they then pro-
vide an analysis of areas in which the system deviates from predefined sustainability 
goals and evaluates contributions to SD. Accordingly, the proposed framework pro-
vides a basis on which decision makers may spot areas of immediate concern through 
ex post analysis and potential future adverse developments based on ex ante analysis. 
Furthermore, the proposed framework allows decision makers to identify intervention 
points for policy measures. These are fundamentally new features that the framework 
for sustainability assessments provides to decision makers. 
 
Sixthly, a systematic translation of the guiding principles of SD into general goals for 
criteria can be expected to serve as a solid basis for challenging current scientific inter-
pretations of SD. The conception of SD faces criticism for being ambiguous or not spe-
cific enough to operationalise. However, if we try to translate the normative corner-
stones of SD into more tangible rules, then this also provides practical examples for 
steering and instrumental rules that can be further discussed. I expect this transparen-
cy to stimulate scientific discussion on how to operationalise SD based on practical ex-
periences. 
 
Seventhly, the framework also introduces a new theme for sustainability assessments 
related to governance. The deduction of instrumental rules based on reflexive trans-
formation governance allows potential issues hindering the operationalisation of SD to 
be pinned down. This aspect has been, at least according to the research sample, 
hitherto underrepresented in sustainability assessments of power systems. 
 
To summarise, the proposed framework consists of theoretical that are geared to spe-
cific methodological challenges. While the current contributions seem to focus on com-
parative technology assessments often enhanced with a set of social indicators, the 
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proposed framework expands the underlying system scope and integrates normative 
and instrumental aspects of SD. It thereby adds new layers of transparency to the sys-
tem under review and the way in which SD is interpreted. Ultimately, it seeks to em-
power sustainability assessments to provide a more comprehensive basis for evidence-
based and goal-oriented decision making in the future by facilitating an evaluation of 
the system under review against sustainability objectives. As such, it not only proposes 
an incremental refinement of the existing features of sustainability assessments, but al-
so extends its scope with fundamentally new dimensions to be able to better respond 
to today’s highly complex sustainability issues.  
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13 Discussion 
The comparative analysis in chapter 12 yielded a number of new scientific insights for 
sustainability assessments in general and for power systems in particular. At the end of 
the previous chapter, I argued that these new features could provide a more compre-
hensive basis for decision-making support for the long-term development of key sys-
tems in industrialised countries. However, the discussion in chapter 12 also shed light 
on some of the limitations of the proposed framework that can be traced back primarily 
to the set of applied theoretical elements. Furthermore, to reap the maximum possible 
benefits when operationalising the proposed framework, additional research is required 
to remedy some of the newly identified knowledge gaps. While the previous chapter 
provided critical insights on the strengths and limitations of specific parts of the pro-
posed framework based on a review of the exemplary contributions for power systems, 
I shall dedicate this chapter to a more general discussion of the framework for sustain-
ability assessments. I shall structure this discussion into three sections: 
 
Firstly, I shall go back to the research question stated in chapter 6 and explore to what 
degree I was able to meet the aspirations I originally formulated by discussing the re-
sults in relation to the research question. Furthermore, I shall explore to what I extent I 
was able to fill the knowledge gaps identified in chapter 5. I shall therefore argue for 
why I believe that I have accomplished my main tasks and for what parts I deem addi-
tional efforts necessary. 
 
I shall then draw attention to the potential criticism that the proposed framework may 
not be fully in line with the hallmark of democracies, which seeks to involve various ac-
tors in societal steering and decision making: Since the proposed framework consti-
tutes an analytical scheme based on a set of theoretical elements, it may not be imme-
diately clear as to how it accounts for active stakeholder involvement. This would be in 
stark contrast with recent research on SD and participation, however; during the past 
decade, research on SD governance has broadly considered stakeholder involvement 
and engagement as a necessary precondition for the operationalisation of SD (Bond, 
Viegas, Coelho & Selig 2010; Gastil & Black 2008). Accordingly, I shall defend the pro-
posed framework against such a potential criticism in section 13.2 by highlighting how it 
assumes and integrates active actor involvement and engagement; after all, it is based 
on reflexive transformation governance. I shall also point out which features indeed re-
frain from drawing on participatory elements and rather rely on analytic approaches 
based on the key literature on scientific sustainability.  
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In section 13.3, I shall explore further research opportunities identified in the process of 
comparing the proposed framework with current contributions by revisiting the compar-
ative analysis in chapter 12. While additional research is required in order to fully oper-
ationalise the proposed framework, some of these new research tasks might also pro-
vide crucial results for related research endeavours. Research on the consumption of 
energy services or electricity is a key starting point for designing effective policy steer-
ing instruments to promote more sustainable lifestyles. This example illustrates that 
additional research on missing data for the proposed framework might create synergies 
with other important research endeavours. 
 
Based on this structure, I shall proceed with a review of the deliverables provided by 
this thesis in terms of the research questions originally formulated in chapter 6 and 
then continue with an analysis of my contributions to each of the research gaps identi-
fied in chapter 5. 
 
13.1 Review of results 
In chapter 6, I formulated the research question of this thesis against the backdrop of 
shortcomings in the current sustainability assessments of power systems, as identified 
in chapter 4, and the corresponding knowledge gaps discussed in chapter 5. These 
analyses led to the recognition that current sustainability assessments of power sys-
tems comprise comparative technology assessments rather than constituting compre-
hensive evaluations of key systems against predefined sustainability objectives. Ac-
cordingly, I chose to direct the research question at the overarching question: 
 
How should sustainability assessments be designed methodologically to provide a ba-
sis for evidence-based and goal-oriented decision making on the long-term develop-
ment of key systems? 
 
In order to answer this research question, two essential conditions have to be met. 
These two conditions refer to providing a comprehensive basis for evidence-based and 
goal-oriented support for decision making on the long-term development of key sys-
tems. Here, I shall look firstly at providing evidence-based data and then discuss con-
tributions to goal-oriented support for decision making. 
 
Throughout the thesis, I have argued in favour of basing critical development decisions 
on relevant current and potential future data on the system in question. Furthermore, I 
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argued that this data has to display the relevant properties of power systems, from the 
natural occurrence of energy fluxes, carriers and natural resources to the provision of 
energy services. My argument is based on the assumption that the risk of erroneous 
decision making caused by the omission of relevant data can be reduced by assessing 
the entire life cycle of energy services. Moreover, I emphasised the importance of con-
sidering societal steering processes that determine the goals the system has to meet 
and the technical design of key systems. 
 
Accordingly, in order to meet the criterion on providing a basis for evidence-based de-
cision support, I argue that decisions on the future long-term development of key sys-
tems must be directly informed by relevant empirical data on key system features. The 
proposed framework provides a basis for that: it frames the scope and defines key cri-
teria to extract relevant data on key system properties and presents it to decision mak-
ers. This information is composed of both data on the current system performance to 
identify issues of immediate concern and data on potential future states to indicate 
possible future issues. Furthermore, the proposed framework is a conceptual scheme 
that is composed of a set of theoretical elements to facilitate the extraction and inter-
pretation of relevant data. Thus, the framework for sustainability assessment indicates 
the type of data that is deemed relevant according to latest scientific research. 
 
Unfortunately, as noted at several stages throughout chapter 12, not all of this data is 
readily available today and additional research is required to close newly identified 
knowledge gaps. Nonetheless, since I directed the research question towards propos-
ing a methodological design for a framework for sustainability assessments and not a 
set of data for a specific system, I deem this condition of the research question to be 
met. However, I would like to point out once more that identifying key system data and 
defining criteria have to be understood as an ongoing process. For example, new polit-
ical or technological developments may raise or reduce the importance of specific sys-
tem components and distributed power generation may impose new requirements on 
electricity grids (Bush 2014; Del Rio & Unruh 2007; Liu, Zeng & Liu 2011). Accordingly, 
the exemplary criteria produced in chapter 9 are not to be understood as a final list, but 
are likely to change in the future as new scientific evidence reveals new insights on crit-
ical system components. 
 
I further argued that the development of key systems for sustainability trajectories can 
only take place if sustainability objectives are defined beforehand and that these have 
to mirror the normative requirements of SD. Without this crucial step, it is by no means 
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clear whether a system is on track towards a more sustainable state. In chapter 4, I 
then concluded that the majority of proposals lack reference to exactly such normative 
sustainability objectives and thereby obstruct goal-oriented decision making. This 
brings me to the second condition for evaluating whether the research question has 
been answered. 
 
In previous chapters, I argued in favour of directly relating criteria for sustainability as-
sessments to general goals formulated based on a recent scientific interpretation of 
SD. Such an approach ensures that, in sustainability assessments, an evaluation of the 
system performance against sustainability goals can be directly conducted. In chapters 
10 and 11, I provided exemplary goals for the criteria for sustainability assessments of 
power systems, which are crucial for directing development according to sustainability 
objectives. In contrast to other proposals where goals are determined through expert 
interviews, benchmarking processes or public polls, I derived an exemplary set of rules 
and general goals for criteria in sustainability assessments of power systems based on 
a current scientific interpretation of SD. Thereby, I expanded the scope of sustainability 
assessments for the first time to also encompass the normative and instrumental re-
quirements of the guiding principles of SD. 
 
However, the resulting rules and general goals strongly depend on the underlying in-
terpretation of the conception of SD, as already noted on several occasions. According-
ly, the formulated rules and general goals also have to be understood as an exemplary 
set, because the interpretation of SD may vary significantly depending on the regime in 
place and the value systems of a society. This will inevitably also transcend the domain 
of rules and general goals which is based on such a normative foundation. However, 
like the proposal on criteria, I did not attempt to provide a universally applicable com-
plete set of rules and goals here, but rather used the proposed framework to produce 
exemplary results that are meant to stimulate a fruitful discussion on the appropriate-
ness of interpretations of SD and the methodological base of the proposed framework. 
However, since the research question is directed at providing a methodological design 
and not at producing a final list of general goals and rules, I also deem the second 
condition of the research question to have been met. 
 
After having reflected on my contribution in relation to the broader research question, I 
shall proceed by evaluating my deliverables for each knowledge gap that I promised 
contributions for in chapter 5. 
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The first knowledge gap originates from the wide range of criteria and indicators pro-
posed by the contributions of the research sample. Against the backdrop of the huge 
variability in the proposed criteria and indicators, ranging from mostly applying ecologi-
cal indicators to looking exclusively at societal aspects, I suggested that a comprehen-
sive analysis of the systems under review is required to first identify relevant system 
components. Accordingly, I crafted an exemplary holistic system representation of elec-
tricity systems in chapter 8 based on coupled human-environment system analysis. 
Such endeavours have been carried out before, but not to frame the scope in sustaina-
bility assessments of power systems. Compared to the contributions of the research 
sample, the proposed system scope not only succeeds in identifying relevant catego-
ries, but also considers new key aspects of the systems hitherto neglected: Firstly, the 
system representation structures the system into social, technical and ecological di-
mensions and identifies key system components consistently mentioned in the litera-
ture on electricity systems or reflexive transformation governance. Furthermore, it con-
siders data across the entire transformation chain including electrical devices. Second-
ly, the applied approach identified the delivery of energy services as the key output of 
electricity systems. Despite serving an important purpose, this is a fundamentally new 
area to be considered in sustainability assessments: although SD strives to balance 
societal development and environmental conservation, surprisingly few of today’s sus-
tainability assessments of power systems look at the output of power systems. Accord-
ingly, my contribution in chapter 8 not only provided a well-structured and holistic de-
piction of electricity systems and is based on a scientific scheme that is rarely used in 
sustainability assessments, but also proposed entirely new dimensions that allow sus-
tainability assessments to evaluate the output of the system against environmental 
burdens. 
 
The review of the research sample in chapter 4 not only highlighted the disagreement 
on system scopes among authors of sustainability assessments, but also revealed a 
strong heterogeneity among criteria and indicators within categories, such as resource 
requirements or pollution. In chapter 5, I then took this diversity to be an indication of a 
further lack of consensus on the relevant stages of system flows that should be sub-
jected to the analysis. Accordingly, I conducted an exemplary analysis of energy and 
material flows including societal steering processes in chapter 9. The goal of this en-
deavour was to identify those stages of flows that are deemed important and therefore 
have to be captured in sustainability assessments. I applied a set of distinct methodol-
ogies to describe the different stages of system flows across the previously identified 
system components. The results consist of a list of proposed criteria for sustainability 
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assessments. Most of the identified criteria are also found in the individual contributions 
of the research sample. Some of these analyses have been conducted before and my 
results are consistent with those of such studies. The detailed analysis of electric pow-
er systems, however, also drew attention to fundamentally new categories of criteria 
hitherto neglected. A new set of criteria on energy services is obviously worth mention-
ing along with entirely new categories of criteria related to the natural occurrence of 
energy fluxes and carriers, deposits of resource stocks and estimated capacities of 
emission sinks. The combined review of ecological regeneration versus consumption 
rates and pollution emissions against emission sink capacities now allows maximum 
sustainable yield rates and tolerable limits in sustainability assessments to be deter-
mined. Accordingly, estimations on thresholds can henceforth be used in sustainability 
assessments to determine whether opportunity spaces for future generations are 
threatened. This deliverable is also consistent with work done on environmental man-
agement rules. While indicators are one of the basic features of sustainability assess-
ments, I refrained from systematically deriving a set of exemplary indicators, as these 
would be likely to vary across regions and jurisdictions. Nonetheless, the proposed ap-
proach facilitates an evaluation of system data against ecological boundaries in con-
trast to drawing on subjective expert interviews. The deliverable for this knowledge gap 
provides a fundamentally new feature of sustainability assessment that represents a 
key step towards providing a basis for evidence-based decision making. 
 
My initial analysis in chapters 4 and 5 revealed another shortcoming in today’s sustain-
ability assessments of power systems: such assessments often refrain from drawing on 
exploratory scenario assessments to compute potential future states of the system. 
While such forward-looking analyses shed crucial light on how the system might devel-
op, I did not provide exemplary results on this basic feature, as sophisticated system 
models and scenario assessments of power systems are today frequently provided in 
policy contexts. Moreover, since the basic feature of ex post analysis was well repre-
sented in the research sample, I decided against providing scientific contributions on 
these subjects. 
 
In chapter 5, I identified shortcomings in today’s sustainability assessments of power 
systems related to providing a basis for goal-oriented decision making: Hardly any sci-
entific proposal contained goals that mirrored the requirements of SD for criteria, thus 
impeding evaluations of system data against predefined sustainability goals in general. 
Against this backdrop, I vowed to systematically formulate exemplary general goals for 
criteria in chapters 10 and 11 based on a current scientific interpretation of SD and a 
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systematic multi-step procedure. The resulting general goals are at least partly found in 
one contribution of the research sample, which is based on the same procedure but 
draws on a different interpretation of SD. Setting goals for criteria in sustainability as-
sessments constitutes another entirely new field for sustainability assessments and 
enables them to evaluate system data against sustainability objectives. Henceforth, 
sustainability assessments will be founded on a more comprehensive basis to inform 
decision makers on areas of immediate concern or potential adverse developments, as 
both system data and sustainability targets are provided. Since the goals are based on 
an interpretation of SD, decision makers instantly gain insights on the system perfor-
mance in relation to sustainability objectives. This approach, thus, provides a basis for 
goal-oriented decision making and complements the deliverables on criteria to provide 
a comprehensive and holistic picture for decision makers. I did, however, also refrain 
from systematically producing an exemplary set of target values for the indicators, as 
such target values are likely to vary depending on the principles, values and norms of a 
society and are agreed through negotiation and deliberation in modern democracies. 
 
Lastly, I would like to add that I put effort into providing transparency on how I pro-
duced my exemplary deliverables. My hope is that the information on how I produced 
the exemplary deliverables for sustainability assessments of power systems encour-
ages scientific discussion on appropriate methodologies or the relevant basic features 
of sustainability assessments to further improve this important steering instrument. 
Once more, I would like to emphasise that the results presented in chapters 8 to 11 are 
exemplary contributions and these results are likely to differ depending on the system 
scopes, applied methodologies and subjective interpretations in the key literature. 
 
This brings me to the last point in this section, which is related to expectations regard-
ing instruments for decision support. Such instruments are sometimes expected to pre-
sent decision makers with a single best or optimal solution. While this certainly holds 
true for many scientific endeavours, I would like to draw attention to the fact that sus-
tainability assessments seek to inform decision making on the long-term development 
of key systems. Such systems are characterised by high levels of complexity and a 
necessary precondition is the involvement of a wide range of actors to deliver the out-
put of the system. One aspect I would like to point out here that requires consideration 
is that in order to obtain agreement on objectives, interests need to be balanced 
through negotiation and deliberation. Accordingly, without going into a detailed discus-
sion here, one cannot expect a single best solution from the framework for sustainabil-
ity assessments. Against this backdrop, it becomes obvious that the proposed frame-
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work does not question the key hallmarks of democracies to involve and engage actors 
in societal decision making, but rather promotes the integration of active stakeholder 
involvement and engagement. To further demonstrate this, I shall dedicate the next 
section to exploring how the proposed framework integrates participation. 
 
13.2 Participation and operationalisation of the framework 
As mentioned in the previous section, missing data currently prevents a full implemen-
tation of the framework for sustainability assessments. However, it would be too short-
sighted to base a decision on the implementation of such a comprehensive steering in-
strument only on the availability of data. The proposed framework comprises a scien-
tific contribution and primarily strives to contribute to the scientific discussion on how 
sustainability assessments could be further developed to cover hitherto neglected fea-
tures and provide a more comprehensive basis for evidence-based and goal-oriented 
decision-making support. In this section, however, I shall draw the attention to another 
crucial aspect of operationalising SD, namely, participation. In this thesis, I refrained 
from arguing for appropriate forms of participation. This might have been surprising to 
observant readers given the vast attention the subject of participation is given in scien-
tific discussions on the operationalisation of SD (Cent, Grodzińska-Jurczak & Pietrzyk-
Kaszyńska 2014; Doelle & Sinclair 2006; Hartley & Wood 2005; O’Faircheallaigh 2010; 
Stirling 2009). 
 
Today, there is broad consensus among researchers on SD and political leaders that 
the cornerstones of SD need to be embedded in national and local policies in order to 
drive transitions towards more sustainable states (UN 2015; UNCED 1992; UNCSD 
2012; WCED 1987). In parallel, there is also agreement that in order to reflect societal 
values and gain public acceptance for long-lasting implementation efforts, some form of 
active stakeholder involvement and engagement is required. This is further empha-
sised in democracies, where actor participation is deemed an unquestionable hallmark 
of modern societies. However, the review of the research sample in chapter 4 revealed 
wide-ranging proposals for the way actors should be involved. At the one extreme, 
scholars suggest delegating the decision on which criteria should be evaluated or what 
objectives are to be pursued fully to the public or public representatives (Ribeiro, Fer-
reira & Araújo 2013), while at the other end of the continuum, researchers perceive the 
participatory element to be reduced to obtaining knowledge from actors (Bond, Viegas, 
Coelho & Selig 2010; Gastil & Black 2008). 
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In this thesis, I did not strive to contribute to identifying appropriate forms of participa-
tion to operationalise sustainability assessments. Rather, I proposed a scientific 
framework that might be perceived to question some aspects of participation. However, 
I without doubt agree that successful transitions of key infrastructure systems towards 
more sustainable states require the active involvement and engagement of various 
non-state actors. This is why I based the proposed framework on reflexive governance 
of change; this considers the active involvement and engagement of non-state actors in 
societal decision making as a necessary precondition. Scientists, for example, play a 
key role in researching systems, technologies, policy instruments and consumption be-
haviours. Furthermore, market actors develop business models and solutions offerings 
to meet the demand of their customer base. Moreover, civil society actors monitor sys-
tem developments and trigger public discussions when irregularities occur. These ex-
amples affirm that in the assumed governance framework non-state actors have to play 
their part in order to achieve system transitions. 
 
I also hinted at several points that not all problems may be resolved by adopting a sin-
gle best solution or reverting to expert opinion. I ended the previous section, for exam-
ple, by recognising that conflicting priorities are likely to arise and have to be resolved 
through negotiation and deliberation to balance the system. Moreover, it is not only the 
assumed governance that is based on active participation, but also some of the exem-
plary deliverables directly related to actor involvement. For example, I formulated in-
strumental rules 5.2 Actors contribute to increasing a collective understanding of the 
system and deducing measures and 6.1 Organised institutional actors observe devel-
opments and collectively respond to irregularities to secure active actor involvement 
and engagement.  
 
Accordingly, while my goal was to demonstrate the additional benefits stemming from 
applying a broader system scope and reverting to a wider range of scientific methodol-
ogies to provide a basis for evidence-based and goal-oriented decision-making sup-
port, I obviously do not intend to imply that sustainability assessments can be imple-
mented without the contributions of non-state actors. On the contrary, I deem it a nec-
essary precondition to involve actors in order to achieve successful system transitions. 
 
However, in contrast to some of today’s sustainability assessments of electric power 
systems, I also strongly support based goals on scientific interpretations of SD. There 
is a general agreement among scientists and politicians that oft-cited key literature on 
the conception of SD or sustainability issues is based on broadly acknowledged scien-
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tific evidence, such as the drivers of climate change or issues with the long-term dis-
posal of nuclear waste. In my view, this consolidated scientific knowledge on human-
environment issues cannot be adequately substituted with interviews with selected ac-
tors. Ignoring such crucial scientific findings would strongly oppose one of my key ar-
guments backing the proposed framework: the relevance of providing a basis for evi-
dence-based decision support for the development of key infrastructures. Against this 
backdrop, I argue that the operationalisation of sustainability assessments requires an 
adequate mix, with decisions being based on scientific evidence on the one hand, and 
involving and engaging actors on the other. This, obviously, is a complex task and con-
tributing to the identification of appropriate forms of participation clearly lies beyond the 
scope of this thesis. Here, I merely wish to point out that the proposed framework is 
designed to fit seamlessly with reflexive governance in democratic regimes without re-
stricting the rights of the public or individuals. 
 
Lastly, I would like to touch on another important aspect related to knowledge transfer: 
Empirical studies suggest that implementing sustainability projects may have the bene-
fit of mutual learning between scholars and involved actors: on the one hand, partici-
pating actors increase their understanding of the long-term environmental effects 
caused by their daily activities, while on the other hand scientists gain insights on the 
particular issues faced by the stakeholders involved (Hertin et al. 2009; Jha-Thakur, 
Gazzola, Peel, Fischer & Kidd 2009). Without going into a detailed discussion on this 
complex subject here, I would like to add that implementing the proposed framework 
may also prove valuable for closing some of the knowledge gaps between the research 
community and the public. 
 
Ultimately, in order to provide a scientific contribution to identify appropriate forms of 
participation for operationalising sustainability assessments, additional research is re-
quired that explores themes of governance and SD in democracies. This brings me to 
the final part of my thesis. My endeavour to create a framework for sustainability as-
sessments has led to the discovery of new knowledge gaps. Some of them need to be 
filled to fully benefit from an implementation of the proposed framework, while others 
might be worthwhile pursuing on their own. I shall therefore dedicate the last section to 
exploring additional research opportunities.  
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13.3 Further research opportunities 
The discussion on the strengths and limitations of the proposed framework in chapter 
12 revealed a number of new knowledge gaps on key electricity research topics, such 
as the need for a better understanding of the consumption of energy services and the 
electricity consumption patterns of private households, as well as the lack of life cycle 
assessment data on components of power grids and electrical devices. Accordingly, I 
shall summarise the most prominent new research opportunities which I identified 
throughout the process of developing and discussing the proposed framework. 
 
I have already discussed one new knowledge gap rather extensively in section 12.1. 
This is related to the hitherto relatively modest knowledge on the consumption patterns 
of electricity and energy services by private households (Farinaccio & Zmeureanu 
1999; Larsen & Nesbakken 2004). The lack of such data constitutes a key issue for re-
search directed at the design of steering instruments to promote energy efficiency and 
alter consumption behaviours in general. Since the electricity consumption patterns of 
individuals are currently not fully understood, some of the drivers of electric power con-
sumption also remain unclear. Until recently, this lack of knowledge could be partly ex-
plained by technical limitations: private households were traditionally equipped with 
meters that continuously count electricity consumption. In order to obtain the count for 
a specific date, an employee had to access the meter and read the count from the me-
ter itself. A year later the worker would do the same once more and then the previous 
count was subtracted from the new one to calculate the annual aggregated electricity 
consumption. Today, however, the global trend of digitalisation has given rise to more 
sophisticated metering technologies and power suppliers increasingly install smart me-
ters, especially for businesses with high levels of electricity consumption. While various 
types of smart meters with different features exist, it is safe to say that most versions 
are able to measure electricity drawn from power grids more frequently, for example 
every 15 minutes. Furthermore, measurements can be read electronically so that data 
usually is available often in real time. This more detailed data can be expected to allow 
researchers to obtain more detailed electricity consumption profiles of private consum-
ers, thus revealing more information related to their consumption patterns. In order to 
determine the drivers, however, additional research is likely to be required. 
 
Private households, however, are reluctant to approve smart meter installations, mainly 
for security reasons. On the one hand, they are cautious that their consumption data 
might be sold to aggressive marketing agencies, thus potentially flooding them with 
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unwanted advertising campaigns. On the other hand, consumers fear that hackers 
might study their consumption load profiles to determine optimal time frames for rob-
beries. Should researchers seek to benefit from more detailed electricity consumption 
data on private households, they have to treat these concerns seriously and find solu-
tions that negate the risks for consumers. One may expect a number of benefits to 
arise from more detailed consumption load profiles for research: an intelligent software 
program with data on devices might be able to indicate which devices were in use. Fur-
thermore, such consumption data could be expected to provide valuable insights on in-
tervention points for policy steering instruments. Should, for example, excessive elec-
tricity consumption of lighting applications be identified, tailor-made feedback could be 
given to users (Podgornik, Sucic & Blazic 2016). Accordingly, a detailed study of elec-
tricity consumption patterns would not only generate data valuable for the operationali-
sation of the proposed framework, but might also create additional benefits for other 
research or for policy makers seeking to design more effective steering instruments. 
 
The review of the scientific state-of-the-art of sustainability assessments of power sys-
tems in chapter 4 also highlighted that current contributions are somewhat biased to-
wards power generation technologies. In order reap the greatest possible benefits from 
an operationalisation of the proposed framework, additional life cycle assessment data 
on power infrastructure components and electrical appliances is required. Some com-
ponents of power grids seem to have been less frequently subject to detailed scientific 
analyses and, thus, only limited data on their resource requirements or environmental 
impacts is today readily available. This data could, however, become particularly rele-
vant as power grids play a pivotal role in balancing power generation with consumption. 
Should the shares of erratic solar and wind-based power generation increase in the fu-
ture, this key process to prevent blackouts may be expected to become more challeng-
ing (Sharma & Saini 2015; Warren 2014). In such cases, power grids will increasingly 
have to be able to respond within moments to shifts from strong excess power genera-
tion to shortages of power supply, for example on days with scattered cloud cover. In 
order to cope with such dramatic changes in generation loads, electricity grids are ex-
pected to require more automated energy flow measurement and steering technology. 
 
This begs the question how such a transition in power distribution technologies affects 
resource requirements, as the way resource requirements change when societies opt 
for a transition to more renewable energy and smart grid technologies remains unclear. 
This also applies to certain types of electric appliances. While some devices, such as 
mobile phones or laptop computers, have been subject to extensive analyses, other 
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more basic installations, including ventilating systems or ovens, have not been as fre-
quently subject to holistic cradle-to-grave life cycle assessments. This data deficiency 
would have to be remedied in order to generate as many benefits as possible from ap-
plying the proposed framework. 
 
One of the hallmarks of the proposed framework is the consideration of both the func-
tional aspects of the system and the normative requirements of SD. In this thesis, I was 
able to demonstrate how a scientific interpretation of SD can be translated by means of 
a multi-step procedure into general goals for criteria for sustainability assessments of 
power systems for the first time. As elaborated in chapters 10 and 11, I chose one spe-
cific interpretation of the guiding principles of SD to carry out this endeavour. During 
this process, I was only able to hint at the severe implications the selection of the inter-
pretation could potentially have. Accordingly, one could now strive to further demon-
strate this effect by first choosing, for example, a strongly ecology-oriented interpreta-
tion and one that focuses on social aspects and then systematically translate these in-
terpretations into general goals for criteria. Such an endeavour is likely to confirm that 
while the functional cornerstones of the system can be expected to remain roughly the 
same, the selection of two different normative foundations may lead to two different 
sets of general goals for criteria. Against this backdrop, I argue that the choice of inter-
pretation of SD strongly influences the direction the system development should take, 
since this interpretation serves as a basis for deriving general goals for criteria. I would 
expect such an analysis to further stimulate the scientific discussion on what key sys-
tems should strive to sustain. 
 
Moreover, I would like to touch on another key challenge that the authors of sustaina-
bility assessments frequently face: sustainability assessments are designed to provide 
a comprehensive basis for decision making on the long-term development of key sys-
tems. As explained in section 13.2, such a process is likely to involve negotiation and 
deliberation. Against this backdrop, it is not by chance that authors often encounter 
conflicting results, where not all goals can be reached simultaneously without conces-
sions. While my contribution provided a set of exemplary criteria and general goals for 
sustainability assessments of power systems, the framework for sustainability assess-
ments does not provide a solution on how to determine appropriate weightings. The 
framework is designed to systematically provide the categories for identifying relevant 
data and offers a basis for discussing goals. How decision makers eventually come to 
a decision based on this information, however, lies beyond the scope of this thesis. 
Nonetheless, I would like to emphasise that I am fully aware of the challenges associ-
  
 
Framework for Sustainability Assessments - 282 - 
ated with weighing criteria and goals. Furthermore, I acknowledge that the proposed 
framework does not offer systematic procedures for weighing criteria or corresponding 
general goals to determine single best solutions. Accordingly, I acknowledge that addi-
tional research on this subject is required before the framework for sustainability as-
sessments can be applied in the field. 
 
Lastly, the vast scope of power systems and the complexity of SD allowed me to only 
create the proposed framework conceptually, which is fully in line with the originally 
formulated research question. While I would have thoroughly enjoyed seeing it come to 
life by putting it into practice, this has not yet been possible owing to the aforemen-
tioned deficiencies and challenges. While I could have processed data on specific parts 
of the system in question, I would have then been unable to reap the benefits of con-
sidering the entire system, as well as the normative and instrumental requirements of 
SD, which I advocated so passionately throughout the thesis. 
 
Once the above data deficiencies and challenges have been resolved, a new research 
opportunity could lie with applying the proposed framework in the field to gain further 
insights. While I am confident that the theoretical foundation has given rise to a robust 
scientific instrument to provide a comprehensive basis for evidence-based and goal-
oriented decision-making support, I acknowledge that often practical experience proves 
invaluable for finalising instruments and tools because it validates underlying assump-
tions in the field. 
 
Assuming that my arguments hold true, the framework for sustainability assessments 
should serve well in providing a comprehensive basis for evidence-based and goal-
oriented decision making on the long-term development of critical systems in modern 
democracies. Since putting the framework for sustainability assessments into practice, 
clearly lies, as mentioned above, beyond the scope of my work here, I will have to 
postpone such an endeavour and leave it as my final opportunity for further research.  
  
 
Framework for Sustainability Assessments - 283 - 
Scientific references 
Ackerman F., Fischer J. (2013): Is there a water-energy nexus in electricity generation? Long-
term scenarios for the western United States, in: Energy Policy. Volume 59, 2013, 235-
241. 
Adam B. (2004): Time (Polity Key Concepts in the Social Sciences series). Polity; 1 edition (02 
April 2004). ISBN-13: 978-0745627786. 
Adelle C., Jordan A., Turnpenny J. (2012): Proceeding in parallel or drifting apart? A systematic 
review of policy appraisal research and practice, in: Environment and Planning C Govern-
ment and Policy. Volume 30, Issue 3, 2012, 401-415. 
Adger W.N., Jordan A. (2009): Governing Sustainability. Cambridge University Press; 1 edition 
(16 March 2009). ISBN-13: 978-0521732437. 
Afgan N.H., Carvalho M.G. Hovanov N.V. (2000): Energy system assessment with sustainability 
indicators, in: Energy Policy. Volume 28, 2000, 603-612. 
Ahmad S., Mathai, M.V., Parayil G. (2014): Household electricity access, availability and human 
well-being: Evidence from India, in: Energy Policy. Volume 69, 2014, 308-315. 
Ahmad S., Tahar R.M., Muhammad-Sukki F., Munir A.B., Rahim R.A. (2016): Application of sys-
tem dynamics approach in electricity sector modelling: A review, in: Renewable and Sus-
tainable Energy Reviews. Volume 56, 2016, 29-37. 
Ahmadi-Karvigh S., Becerik-Gerber B., Soibelman L. (2016): A framework for allocating person-
alized appliance-level disaggregated electricity consumption to daily activities, in: Energy 
and Buildings. Volume 111, 2016, 337-350. 
Alcorn R., O'Sullivan D. (2013): Electrical Design for Ocean Wave and Tidal Energy Systems. 
The Institution of Engineering and Technology (23 December 2013). ISBN-13: 978-
1849195614. 
Alfonseca M., Munoz Perez F.-F., Gonzalo J.A. (2016): World Population: Past, Present, & Fu-
ture. World Scientific Publishing Company (20 August 2016). ISBN-13: 978-9813140998. 
Ali M. (2012): Sustainability Assessment: Context of Resource and Environmental Policy. Aca-
demic Press; 1 edition (20 November 2012). ISBN-13: 978-0124071964. 
Aliyu A.S., Evangeliou N., Mousseau T.A., Wu J., Ramli A.T. (2016). An overview of current 
knowledge concerning the health and environmental consequences of the Fukushima 
Daiichi Nuclear Power Plant (FDNPP) accident, in: Environment International. Volume 85, 
2015, 213-228. 
Allegrini J., Orehounig K., Mavromatidis G., Ruesch F., Dorer V., Evin R. (2015): A review of 
modelling approaches and tools for the simulation of district-scale energy systems, in: Re-
newable and Sustainable Energy Reviews. Volume 52, 2015, 1391-1404. 
Altaweel M. (2008): Investigating agricultural sustainability and strategies in northern Mesopo-
tamia: results produced using a socio-ecological modelling approach, in: Journal of Ar-
chaeological Science. Volume 35, 2008, 821-835. 
  
 
Framework for Sustainability Assessments - 284 - 
Amer M., Daim T.U. (2010): Application of technology roadmaps for renewable energy sector, 
in: Technological Forecasting and Social Change. Volume 77, Issue 8, 2010, 1355-1370. 
Anaya K.L., Pollitt M.G. (2015): Integrating distributed generation: Regulation and trends in 
three leading countries, in: Energy Policy. Volume 85, 2015, 475-486. 
Anderson E.P., Freeman M.C., Pringle C.M. (2006): Ecological consequences of hydropower 
development in Central America: impacts of small dams and water diversion on neo-
tropical stream fish assemblages, in: River Research and Applications. Volume 22, Issue 
4, 2006, 397-411. 
Andor M., Voss A. (2016): Optimal renewable-energy promotion: Capacity subsidies vs. genera-
tion subsidies, in: Resource and Energy Economics. Volume 45, 2016, 144-158. 
Aneja V.P., Isherwood A., Morgan P. (2012): Characterization of particulate matter (PM10) relat-
ed to surface coal mining operations in Appalachia, in: Atmospheric Environment. Volume 
54, 2012, 496-501. 
Armey L.E., Hosman L. (2016): The centrality of electricity to ICT use in low-income countries, 
in: Telecommunications Policy. Volume 40, Issue 7, 2016, 617-627. 
Asdrubali F., Baldinelli G., D’Alessandro F., Scrucca F. (2015): Life cycle assessment of elec-
tricity production from renewable energies: Review and results harmonization, in: Renewa-
ble and Sustainable Energy Reviews. Volume 42, 2015, 1113-1122. 
Ashton T.S. (1998): The Industrial Revolution, 1760-1830. Oxford Paperbacks; 2 edition (08 
January 1998). ISBN-13: 978-0192892898. 
Atkins J.P., Burdon D., Elliott M., Gregory A.J. (2011): Management of the marine environment: 
Integrating ecosystem services and societal benefits with the DPSIR framework in a sys-
tems approach, in: Marine Pollution Bulletin. Volume 62, 2011, 215-226. 
Atilgan B., Azapagic A. (2015): Life cycle environmental impacts of electricity from fossil fuels in 
Turkey, in: Journal of Cleaner Production. Volume 106, 2015, 555-564. 
Augenstein K. (2015): Analysing the potential for sustainable e-mobility - The case of Germany, 
in: Environmental Innovation and Societal Transitions. Volume 14, 2015, 101-115. 
Azapagic A., Grimston M., Anderson K., Baker K., Glynn S., Howell S., Kouloumpis V., Perdan 
S., Simpson J., Stamford L, Stoker G., Thomas P., Youds L. (2011): Assessing the sus-
tainability of nuclear power in the UK. www.springsustain-ability.org; retrieved on 23 Sep-
tember 2015. 
Badr O., Probert S.D., O'Callaghan P.W. (1990): Chlorofluorocarbons and the environment: 
Scientific, economic, social and political issues, in: Applied Energy. Volume 37, Issue 4, 
1990, 247-327. 
Bae M., Kim H., Kim E., Chung A.Y., Kim H., Roh J.H. (2014): Toward electricity retail competi-
tion: Survey and case study on technical infrastructure for advanced electricity market sys-
tem, in: Applied Energy. Volume 133, 2014, 252-273. 
Baerlocher B., Burger P. (2010): Ecological Regimes: Towards a Conceptual Integration of Bio-
physical Environment into Social Theory, in: M. Gross, H. Heinreichs (eds.), Environmental 
  
 
Framework for Sustainability Assessments - 285 - 
Sociology. European Perspectives and Interdisciplinary Challenges, Dordrecht: Springer, 
79-93. 
Baerlocher B. (2012): Sozial-ökologische Regime: Ein sozialtheoretisches Rahmenkonzept als 
Beitrag für die interdisziplinäre Nachhaltigkeitsforschung. PhD-Thesis, University of Basel. 
Baker K.J., Rylatt R.M. (2008): Improving the prediction of UK domestic energy-demand using 
annual consumption-data, in: Applied Energy. Volume 85, Issue 6, 2008, 475-482. 
Bakirtzis E.A., Simoglou C.K., Biskas P.N., Labridis D.P., Bakirtzis A.G. (2015): Comparison of 
advanced power system operations models for large-scale renewable integration, in: Elec-
tric Power Systems Research. Volume 128, 2015, 90-99. 
Banham D., Faith R. (2014): Anglo-Saxon Farms and Farming. Oxford University Press; 1st edi-
tion (25 November 2014). ISBN-13: 978-0199207947. 
Baranzelli C., Vandecasteele I., Ribeiro Barranco R., Mari i Rivero I., Pelletier N., Batelaan O., 
Lavalle C. (2015): Scenarios for shale gas development and their related land use impacts 
in the Baltic Basin, Northern Poland, in: Energy Policy. Volume 84, 2015, 80-95. 
Barbosa P., Brito A., Almeida H. (2016): A Technique to provide differential privacy for appli-
ance usage in smart metering, in: Information Sciences. Volumes 370-371, 2016, 355-367. 
Bardi U. (2015): Limits to Growth, in: Wright J.D. (2015): International Encyclopedia of the So-
cial & Behavioral Sciences; Second Edition (09 April 2015). ISBN-13: 978-0080970868, 
138-143. 
Barkemeyer R., Preuss L., Lee L. (2015): On the effectiveness of private transnational govern-
ance regimes-Evaluating corporate sustainability reporting according to the Global Report-
ing Initiative, in: Journal of World Business. Volume 50, Issue 2, 2015, 312-325. 
Bartiaux F., Gram-Hanssen K. (2005): Socio-political factors influencing household electricity 
consumption: A comparison between Denmark and Belgium, in: Proceedings of the 
ECEEE 2005 Summer Study, European Council for an Energy Efficient Economy, 2005, 
1313-1325. 
Bartlett R.V., Kurian P.A. (1988): Policy and impact assessment: an introduction, in: Impact As-
sessment Bulletin. Volume 6, 1988, 73-74. 
Bartsch A., Viehoff R. (2010): The Use of Media Entertainment and Emotional Gratification, in: 
Procedia - Social and Behavioral Sciences. Volume 5, 2010, 2247-2255. 
Bauer N., Hilaire J., Brecha R.J., Edmonds J., Jiang K., Kriegler E., Rogner H.-H., Sferra F. 
(2016): Assessing global fossil fuel availability in a scenario framework, in: Energy. Volume 
111, 2016, 580-592. 
Baumgartner R., Korhonen J. (2010): Strategic Thinking for Sustainable Development, in: Sus-
tainable Development, Volume 18, 2010, 71-75. 
Bear J. (2006): DDT and human health, in: Science of The Total Environment. Volume 355, Is-
sues 1-3, 2006, 78-89. 
  
 
Framework for Sustainability Assessments - 286 - 
Beck U. (1994): The reinvention of politics: Towards a theory of reflexive modernization, in: 
Giddens A., Lash S., Beck U. (1994): Reflexive modernization. Cambridge. Polity Press 
(1994). ISBN-13: 978-0745612782. 1-55. 
Bedir M., Hasselaar E., Itard L. (2013): Determinants of electricity consumption in Dutch dwell-
ings. Energy and Building. Volume 58, 2013, 194-207. 
Beeton D., Meyer G. (2015): Electric Vehicle Business Models: Global Perspectives. Springer; 
2015 edition (28 December 2014). ISBN-13: 978-3319122434. 
Bell S., Morse S. (2008): Sustainability Indicators: Measuring the Immeasurable? Routledge; 2 
edition (25 April 2008). ISBN-13: 978-1844072996. 
Bell S., Morse S. (2014): Groups and Indicators in Post-Industrial Society, in: Sustainable De-
velopment. Volume 22, 2014, 145-157. 
Benbow R. (1997): The efficient transport and storage of nuclear waste, in: Nuclear Engineering 
and Design. Volume 176, Issues 1-2, 1997, 187-189. 
BenDor T.K., Spurlock D., Woodruff S.C., Olander L. (2017): A research agenda for ecosystem 
services in American environmental and land use planning, in: Cities. Volume 60, Part A, 
2017, 260-271. 
Beresford N.A., Fesenko S., Konoplev A., Skuterud L., Smith J.T., Voigt G. (2016): Thirty years 
after the Chernobyl accident: What lessons have we learnt?, in: Journal of Environmental 
Radioactivity. Volume 157, 2016, 77-89. 
Berkhout F., Hertin J. et al. (2002): Socio-economic futures in climate change impact assess-
ment: Using scenarios as ‘learning machines’, in: Global Environmental Change. Volume 
12, Issue 2, 2002, 83-85. 
Bettinger P., Boston K., Siry J.P., Grebner D.L. (2008): Forest Management and Planning. Aca-
demic Press; 1 edition (08 October 2008). ISBN-13: 978-0123743046. 
Bidstrup M. (2015): Life cycle thinking in impact assessment - Current practice and LCA gains, 
in: Environmental Impact Assessment Review. Volume 54, 2015, 72-79. 
Bigerna S., Bollino C.A., Micheli S. (2016): Renewable energy scenarios for costs reductions in 
the European Union, in: Renewable Energy. Volume 96, Part A, 2016, 80-90. 
Bilotta G.S., Milner A.M., Boyd I. (2014): On the use of systematic reviews to inform environ-
mental policies, in: Environmental Science & Policy. Volume 42, 2014, 67-77. 
Bin S., Dowlatabadi H. (2005): Consumer lifestyle approach to US energy use and the related 
CO2 emissions, in: Energy Policy. Volume 33, Issue 2, 2005, 197-208. 
Bina O. (2008): Context and systems: thinking more broadly about effectiveness in strategic en-
vironmental assessment in China, in: Environmental Management. Volume 42, Issue 4, 
2008, 717-733. 
Blair Crawford C., Quinn B. (2017): The emergence of plastics, in: Microplastic Pollutants. 2017, 
1-17. ISBN-13: 978-0128094068. 
  
 
Framework for Sustainability Assessments - 287 - 
Blanco E., Razzaque J. (2011): Globalisation and Natural Resources Law: Challenges, Key Is-
sues and Perspectives. Edward Elgar Publishing Inc. (31 May 2011). ISBN-13: 978-
1848442504. 
Boer B. (1995): The globalisation of environmental law: the role of the United Nations, in: Mel-
bourne University Law Review. Volume 20, Issue 1, 1995, 101-125. 
Boggs J.P. (1995): Procedural vs. Substantive in NEPA Law: Cutting the Gordian Knot, in: The 
Environmental Professional. Volume 15, 1995, 25-34. 
Bölter M., Müller F. (2016): Resilience in polar ecosystems: From drivers to impacts and chang-
es, in: Polar Science. Volume 10, Issue 1, 2016, 52-59. 
Bolton R., Hannon M. (2016): Governing sustainability transitions through business model inno-
vation: Towards a systems understanding, in: Research Policy. Volume 45, Issue 9, 2016, 
1731-1742. 
Bond A.J., Viegas C.V., Coelho C.C.S.R., Selig P.M. (2010): Informal knowledge processes: the 
underpinning for sustainability outcomes in EIA?, in: Journal of Cleaner Production. Vol-
ume 18, Issue 1, 2010, 6-13. 
Bond A.J., Morrison-Saunders A. (2011): Re-evaluating sustainability appraisal: aligning the vi-
sion and the practice, in Environmental Impact Assessment Review. Volume 31, Issue 1, 
2011, 1-7. 
Bond A.J., Morrison-Saunders A., Howitt R. (2012a): Sustainability Assessment: Pluralism, 
practice and progress. Routledge; 1 edition (30 August 2012). ISBN-13: 978-0415598491. 
Bond A.J. Morrison-Saunders A. (2012b): Challenges in determining the effectiveness of sus-
tainability assessments, in: Bond A.J., Morrison-Saunders A., Howitt R. (2012a): Sustaina-
bility Assessment: Pluralism, practice and progress. Routledge; 1 edition (30 August 2012). 
ISBN-13: 978-0415598491. 
Bosello F., De Cian E. (2014): Climate change, sea level rise, and coastal disasters. A review of 
modelling practices, in: Energy Economics. Volume 46, 2014, 593-605. 
Brand R., Karvonen A. (2007): The ecosystem of expertise: Complementary knowledge for sus-
tainable development, in: Sustainability: Science, Practice and Policy, Volume 3, 2007, 21-
31. 
Brandoni C., Polonara F. (2012): The role of municipal energy planning in the regional energy-
planning process, in: Energy. Volume 48, Issue 1, 2012, 323-338. 
Breeze P. (2014): Power Generation Technologies, Second Edition. Newnes; 2 edition (20 Au-
gust 2014). ISBN-13: 978-0080983301. 
Brewer H.L. (1989): Diversification attempts by electric utilities - A comparison of potential v 
achieved diversification, in: Energy Policy. Volume 17, Issue 3, 1989, 228-234. 
Brizmohun R., Ramjeawon T., Azapagic A. (2015): Life cycle assessment of electricity genera-
tion in Mauritius, in: Journal of Cleaner Production. Volume 106, 2015, 565-575. 
Brown M.T., Herendeen R.A. (1996): Embodied energy analysis and EMERGY analysis: a 
comparative view, in: Ecological Economics. Volume 19, Issue 3, 1996, 219-235. 
  
 
Framework for Sustainability Assessments - 288 - 
Brown-Weiss E. (1989): In Fairness to Future Generations: International Law, Common Patri-
mony, and Intergenerational Equity. Transnational Publishers (01 June 1989). ISBN-13: 
978-0941320542. 
Bruinen de Bruin Y., Peijnenburg W., Vermeire T., Posthuma L., Hogendoorn E., Verhoeven J. 
(2015): A tiered approach for environmental impact assessment of chemicals and their al-
ternatives within the context of socio-economic analyses, in: Journal of Cleaner Produc-
tion. Volume 108, 2015, 955-964. 
Brunner P.H., Rechberger H. (2003): Practical Handbook of Material Flow Analysis (Advanced 
Methods in Resource & Waste Management). Crc Pr Inc (October 2003). ISBN-13: 978-
1566706049. 
Buchecker M., Degenhardt B. (2015): The effects of urban inhabitants’ nearby outdoor recrea-
tion on their well-being and their psychological resilience, in: Journal of Outdoor Recreation 
and Tourism. Volume 10, 2015, 55-62. 
Bunn D.W., Salo A.A. (1993): Forecasting with scenarios, in: European Journal of Operational 
Research. Volume 68, 1993, 291-303. 
Burchart-Korol D., Fugiel A., Czaplicka-Kolarz K., Turek M. (2016): Model of environmental life 
cycle assessment for coal mining operations, in: Science of The Total Environment. Vol-
ume 562, 2016, 61-72. 
Burger P., Zierhofer, W. (2005): On the reliability of formative scenario analysis. Some episte-
mological reflections. Proceedings Papers Symposium on Transdisciplinary Case Study 
Research for Sustainable Development. 11th Annual International Sustainable Develop-
ment Research Conference in Helsinki. A. Wiek, 72-83. 
Burger P. et al. (2018): Sustainable Development as Justice under the frame-conditions of scar-
city and fragility. In Preparation. 
Bussar C., Stöcker P., Cai Z., Moraes L. Jr., Magnor D., Wiernes P., van Bracht N., Moser A., 
Sauer D.U. (2016): Large-scale integration of renewable energies and impact on storage 
demand in a European renewable power system of 2050 -Sensitivity study, in: Journal of 
Energy Storage. Volume 6, 2016, 1-10. 
Bush S.F. (2014): Smart Grid: Communication-Enabled Intelligence for the Electric Power Grid. 
Wiley-IEEE Press; 1st edition (31 March 2014). ISBN-13: 978-1119975809. 
Butzengeiger S. (2005): The EU Emissions Trading Scheme. Routledge. ISBN-13 978-
0230278769. 
Cain M.L., Bowman W.D., Hacker S.D. (2013): Ecology. Sinauer Associates, Inc.; 3 edition 
(March 2013). ISBN-13: 978-0878939084. 
Caldwell L. (1982): Science and the National Environmental Policy Act. University of Alabama 
Press (October 1982). ISBN-13: 978-0817301118. 
Carlowicz M., Hill S. (2006): The sun. Harry N. Abrams Inc. (26 May 2006). ISBN-13: 978-
0810955226 
Carpanzano E., Jovane F. (2007): Advanced Automation Solutions for Future Adaptive Facto-
ries, in: CIRP Annals - Manufacturing Technology. Volume 56, Issue 1, 2007, 435-438. 
  
 
Framework for Sustainability Assessments - 289 - 
Cashmore M., Gwillam R., Morgan R., Cobb D., Bond A. (2004): The interminable issue of ef-
fectiveness: substantive purposes, outcomes and research challenges in the advancement 
of environmental impact assessment theory, in: Impact Assessment and Project Appraisal. 
Volume 22, Issue 4, 2004, 295-310. 
Cashmore M., Kørnøv L. (2012): The changing theory of impact assessment, in: Bond A., Morri-
son-Saunders A., Howitt R. (2012a): Sustainability Assessment: Pluralism, practice and 
progress. Routledge; 1 edition (30 August 2012). ISBN-13: 978-0415598491. 
Castells M. (2011): The Rise of the Network Society: The Information Age: Economy, Society, 
and Culture Volume I. Wiley-Blackwell; 2nd Edition with a New Preface edition (17 August 
2009). ISBN-13: 978-1405196864. 
Cent J., Grodzińska-Jurczak M., Pietrzyk-Kaszyńska A. (2014): Emerging multilevel environ-
mental governance - A case of public participation in Poland, in: Journal for Nature Con-
servation. Volume 22, 2014, 93-102. 
Cesano D., Gustafsson J.-E. (2000): Impact of economic globalisation on water resources: A 
source of technical, social and environmental challenges for the next decade, in: Water 
Policy. Volume 2, Issue 3, 2000, 213-227. 
Cinelli M., Coles S.R., Kirwan K. (2014): Analysis of the potentials of multi criteria decision anal-
ysis methods to conduct sustainability assessment, in: Ecological Indicators. Volume 46, 
2014, 138-148. 
Chambers A. (1999): Power Primer: A Nontechnical Guide from Generation to End Use. Penn-
Well Books. ISBN-13: 978-0878147564. 
Chen X., Shao S., Tian Z., Xie Z., Yin P. (2017): Impacts of air pollution and its spatial spill over 
effect on public health based on China's big data sample, in: Journal of Cleaner Produc-
tion. Volume 142, Part 2, 2017, 915-925. 
Cheng E.C.K. (2013): Enhancing School Learning Capacity by Conducting Knowledge Man-
agement, in: Procedia - Social and Behavioral Sciences. Volume 93, 2013, 281-285. 
Cheshire L., Higgins V., Lawrence G. (2007): Rural Governance: International Perspectives, 1 
edition (5 December 2006). Routledge, Oxford. ISBN-13: 978-0415399593. 
Christen M., Schmidt S. (2011): A Formal Framework for Conceptions of Sustainability - a Theo-
retical Contribution to the Discourse in Sustainable Development, in: Sustainable Devel-
opment. Volume 20, Issue 6, 2012, 400-410. 
Clemen D.M. (1999): Hydro Plant Electrical Systems. PennWell Hydro Group. ISBN-13: 978-
0965176538. 
Clò S., Cataldi A., Zoppoli P. (2015): The merit-order effect in the Italian power market: The im-
pact of solar and wind generation on national wholesale electricity prices, in: Energy Poli-
cy. Volume 77, 2015, 79-88. 
Clough R.M., Saad N., Gould J.E. (2013): Electric Power System Fundamentals: Revised and 
Expanded Second Edition. Clay Bridges Press (31 October 2013). ISBN-13: 978-
1939815064. 
  
 
Framework for Sustainability Assessments - 290 - 
Colling A.V., Oliveira L.B., Reis M.M., da Cruz N.T., Hunt J.D. (2016): Brazilian recycling poten-
tial: Energy consumption and Green House Gases reduction, in: Renewable and Sustaina-
ble Energy Reviews. Volume 59, 2016, 544-549. 
Cooper P. (2013): Socio-ecological accounting: DPSWR, a modified DPSIR framework, and its 
application to marine ecosystems, in: Ecological Economics. Volume 94, 2013, 106-115. 
Corsten M., Ramírez A., Shen L., Koornneef J., Faaij A. (2013): Environmental impact assess-
ment of CCS chains - Lessons learned and limitations from LCA literature; in: International 
Journal of Greenhouse Gas Control. Volume 13, 2013, 59-71. 
Costa-Campi M.T., Duch-Brown N., García-Quevedo J. (2014): R&D drivers and obstacles to 
innovation in the energy industry, in: Energy Economics. Volume 46, 2014, 20-30. 
Cox M., Peichl A., Pestel N., Siegloch S. (2014): Labour demand effects of rising electricity pric-
es: Evidence for Germany, in: Energy Policy. Volume 75, 2014, 266-277. 
Czada R., Schimank U. (2000): Institutionendynamik und politische Institutionengestaltung: Die 
zwei Gesichter sozialer Ordnungsbildung. In: Werle R., Schimank U. (Hrsg). Gesellschaft-
liche Komplexität und kollektive Handlungsfähigkeit. 23-43. 
Daigle R.M., Haider W., Fernández-Lozada S., Irwin K., Archambault P., Côté I.M. (2016): From 
coast to coast: Public perception of ocean-derived benefits in Canada, in: Marine Policy. 
Volume 74, 2016, 77-84. 
Dalvie M.A. (2013): DDT: Health Effects, in: Reference Module in Earth Systems and Environ-
mental Sciences. 2013. ISBN-13: 978-0124095489. 
Danzer A.M., Danzer N. (2016): The long-run consequences of Chernobyl: Evidence on subjec-
tive well-being, mental health and welfare, in: Journal of Public Economics. Volume 135, 
2016, 47-60. 
Davison A. (2001): Technology and the Contested Meanings of Sustainability. State University 
of New York Press (01 June 2001). ISBN-13: 978-0791449790. 
De Aranzabal I., Schmitz M.F., Aguilera P., Pineda F.D. (2008): Modelling of landscape chang-
es derived from the dynamics of socio-ecological systems A case of study in a semiarid 
Mediterranean landscape, in: Ecological Indicators. Volume 8, 2008, 672-685. 
De Silva L.C., Morikawa C., Petra I.M. (2012): State of the art of smart homes, in: Engineering 
Applications of Artificial Intelligence. Volume 25, Issue 7, 2012, 1313-1321. 
Dean M.M. (2010): Governmentality: Power and Rules in Modern Society. Sage Publications 
Ltd; Second Edition (1 December 2009). ISBN-13: 978-1847873842. 
Deane J.P., Gallachóir B.P.Ó., McKeogh E.J. (2010): Techno-economic review of existing and 
new pumped hydro energy storage plant, in: Renewable and Sustainable Energy Reviews. 
Volume 14, Issue 4, 2010, 1293-1302. 
Deane J.P., Gracceva F., Chiodi A., Gargiulo M., Gallachóir B.P.Ó. (2015): Assessing power 
system security. A framework and a multi model approach, in: International Journal of 
Electrical Power & Energy Systems. Volume 73, 2015, 283-297. 
  
 
Framework for Sustainability Assessments - 291 - 
del Rio P., Unruh G. (2007): Overcoming the lock-out of renewable energy technologies in 
Spain: The cases of wind and solar electricity, in: Renewable and Sustainable Energy Re-
views. Volume 11, 2007, 1498-1531. 
Delgado L.E., Marín V.H. (2016): Well-being and the use of ecosystem services by rural house-
holds of the Río Cruces watershed, southern Chile, in: Ecosystem Services. Volume 21, 
Part A, 2016, 81-91. 
Di Leo S., Pietrapertosa F., Loperte S., Salvia M., Cosmi C. (2015): Energy systems modelling 
to support key strategic decisions in energy and climate change at regional scale, in: Re-
newable and Sustainable Energy Reviews. Volume 42, 2015, 394-414. 
Didden M.H., D’haeseleer D. (2003): Demand Side Management in a competitive European 
market: Who should be responsible for its implementation?, in: Energy Policy. Volume 31, 
Issue 13, 2003, 1307-1314. 
Dillig M., Jung M., Karl J. (2016): The impact of renewables on electricity prices in Germany - 
An estimation based on historic spot prices in the years 2011-2013, in: Renewable and 
Sustainable Energy Reviews. Volume 57, 2016, 7-15. 
Dios M., Souto J.A., Casares J.J. (2013): Experimental development of CO2, SO2 and NOx 
emission factors for mixed lignite and subbituminous coal-fired power plant, in: Energy. 
Volume 53, 2013, 40-51. 
Doelle M., Sinclair A.J. (2006): Time for a New Approach to Public Participation in EA: Promot-
ing Cooperation and Consensus for Sustainability, in: Environmental Impact Assessment 
Review. Volume 26, Number 2, 2006, 185-205. 
Dombi M., Kuti I., Balogh P. (2014): Sustainability assessment of renewable power and heat 
generation technologies, in: Energy Policy. Volume 67, 2014, 264-271. 
Dresner S. (2008): The Principles of Sustainability. Routledge; 2 edition (28 August 2008). 
ISBN-13: 978-1844077069. 
Driessen P.J., Glasbergen P. (2002): Greening Society. The Paradigm Shift in Dutch Environ-
mental Politics. Springer Netherlands; 2002. ISBN-13 978-9401599580. 
Drottz-Sjöberg B.M. (2010): Perceptions of Nuclear Wastes across Extreme Time Perspectives, 
in: Risk, Hazards & Crisis in Public Policy. Volume 1, Issue 4, 2010, 231-253. 
Dryzek J.S., Honig B., Phillips A. (2008): The Oxford Handbook of Political Theory. Oxford Uni-
versity Press; 1 edition (18 August 2008). ISBN-13: 978-0199548439. 
Dryzek J.S., Pickering J. (2017): Deliberation as a catalyst for reflexive environmental govern-
ance, in: Ecological Economics. Volume 131, 2017, 353-360. 
Duarte R., Mainar A., Sánchez-Chóliz J. (2013): The role of consumption patterns, demand and 
technological factors on the recent evolution of CO2 emissions in a group of advanced 
economies, in: Ecological Economics. Volume 96, 2013, 1-13. 
Duffy R.J. (2013): History of Nuclear Power, in: Reference Module in Earth Systems and Envi-
ronmental Sciences. 2013. ISBN-13: 978-0124095489. 
  
 
Framework for Sustainability Assessments - 292 - 
Duncan B.N., Yoshida Y., de Foy B., Lamsal L.N., Streets D.G., Lu Z., Pickering K.E., Krotkov 
N.A. (2013): The observed response of Ozone Monitoring Instrument (OMI) NO2 columns 
to NOx emission controls on power plants in the United States: 2005-2011, in: Atmospheric 
Environment. Volume 81, 2013, 102-111. 
Duranton G., Puga D. (2005): From sectoral to functional urban specialisation, in: Journal of Ur-
ban Economics. Volume 57, Issue 2, 2005, 343-370. 
Duscha V., Fougeyrollas A., Nathani C., Pfaff M., Ragwitz M., Resch G., Schade W., 
Breitschopf B., Walz R. (2016): Renewable energy deployment in Europe up to 2030 and 
the aim of a triple dividend, in: Energy Policy. Volume 95, 2016, 314-323. 
Earnhart D. (2016): Water Pollution from Industrial Sources, in: Encyclopedia of Energy, Natural 
Resource, and Environmental Economics. Volume 3, 2013, 114-120. 
Ecclestone C.H. (2008): NEPA and Environmental Planning: Tools, Techniques, and Approach-
es for Practitioners. CRC Press (18 March 2008). ISBN-13: 978-0849375590. 
Edwards J., Bindra H., Sabharwall P. (2016): Exergy analysis of thermal energy storage options 
with nuclear power plants, in: Annals of Nuclear Energy. Volume 96, 2016, 104-111. 
Eikeland P.O., Inderberg T.H.J. (2016): Energy system transformation and long-term interest 
constellations in Denmark: Can agency beat structure?, in: Energy Research & Social Sci-
ences. Volume 11, 2016, 164-173. 
Ellerman A.D. (1996): The competition between coal and natural gas the importance of sunk 
costs, in: Resources Policy. Volume 22, Issues 1-2, 1996, 33-42. 
Ellingwood B.R. (1998): Issues related to structural aging in probabilistic risk assessment of nu-
clear power plants, in: Reliability Engineering & System Safety. Volume 62, Issue 3, 1998, 
171-183. 
Elsawah S., Guillaume J.H.A., Filatova T., Rook J., Jakeman A.J. (2015): A methodology for 
eliciting, representing, and analysing stakeholder knowledge for decision making on com-
plex socio-ecological systems: From cognitive maps to agent-based models, in: Journal of 
Environmental Management 151, 2015, 500-516. 
Eichbaum W.M. (1993): Marine conservation initiative of the world wildlife fund-US (WWF-US), 
in: Ocean & Coastal Management. Volume 21, Issues 1-3, 1993, 362-368. 
Eid C., Guillén J.R. , Frías Marín P., Hakvoort R. (2014): The economic effect of electricity net-
metering with solar PV: Consequences for network cost recovery, cross subsidies and pol-
icy objectives, in: Energy Policy. Volume 75, 2014, 244-254. 
Erdogdu E. (2013): Implications of liberalization policies on government support to R&D: Les-
sons from electricity markets, in: Renewable and Sustainable Energy Reviews. Volume 17, 
2013, 110-118. 
Evans A., Strezov V., Evans T.J. (2009): Assessment of sustainability indicators for renewable 
energy technologies, in: Renewable and Sustainable Energy Reviews. Volume 13, 2009, 
1082-1088. 
  
 
Framework for Sustainability Assessments - 293 - 
Fadeyi S., Arafat H.A., Abu-Zahra M.R. (2013): Life cycle assessment of natural gas combined 
cycle integrated with CO2 post combustion capture using chemical solvent, in: Internation-
al Journal of Greenhouse Gas Control. Volume 19, 2013, 441-452. 
Farinaccio L., Zmeureanu R. (1999): Using a pattern recognition approach to disaggregate the 
total electricity consumption in a house into the major end-uses, in: Energy Buildings. Vol-
ume 30, Issue 3, 1999, 245-259. 
Farman J.C.; Gardiner B.G.; Shanklin J.D. (1985): Large losses of total ozone in Antarctica re-
veal seasonal ClOx/NOx interaction, in: Nature. Volume 315, 1985, 207-210. 
Fearnside P.M. (2016): Environmental and Social Impacts of Hydroelectric Dams in Brazilian 
Amazonia: Implications for the Aluminium Industry, in: World Development. Volume 77, 
2016, 48-65. 
Ferreira V., Panagopoulos T., Cakula A., Andrade R., Arvela A. (2015): Predicting Soil Erosion 
After Land Use Changes for Irrigating Agriculture in a Large Reservoir of Southern Portu-
gal, in: Agriculture and Agricultural Science Procedia. Volume 4, 2015, 40-49. 
Fetz A., Filippini M. (2010): Economies of vertical integration in the Swiss electricity sector, in: 
Energy Economics. Volume 32, Issue 6, 2010, 1325-1330. 
Fiori F., Zhou Z. (2015): Sustainability of the Chinese nuclear expansion: Natural uranium re-
sources availability, Pu cycle, fuel utilization efficiency and spent fuel management, in: An-
nals of Nuclear Energy. Volume 83, 2015, 246-257. 
Firth S., Lomas K., Wright A., Wall R. (2008): Identifying trends in the use of domestic applianc-
es from household electricity consumption measurements, in: Energy and Buildings. Volu-
me 40, Issue 5, 2008, 926-936. 
Fischer-Kowalski M., Erb K.-H. (2006): Epistemologische Grundlagen der sozialen Ökologie. 
Mitteilungen der Österreichischen Geographischen Gesellschaft, 148: 33-52. 
Fischer-Kowalski M., Weisz H. (2005): Society as Hybrid Between Material and Symbolic 
Realms. Toward a Theoretical Framework of Society-Nature Interrelation, in: Redclift M., 
Woodgate G., (2005): New developments in environmental sociology. Cheltenham and 
Northampton: Edward Elgar, 113-149. 
Foelster A.-S., Andrew S., Kroeger L., Bohr P., Dettmer T., Boehme S., Herrmann C. (2016): 
Electronics recycling as an energy efficiency measure - a Life Cycle Assessment (LCA) 
study on refrigerator recycling in Brazil, in: Journal of Cleaner Production. Volume 129, 
2016, 30-42. 
Fojtik R. (2015): Comparison of Full-Time and Distance Learning, in: Procedia - Social and Be-
havioral Sciences. Volume 182, 2015, 402-407. 
Folke C., Hahn T., Olsson P., Norberg J. (2005): Adaptive Governance of Social-Ecological 
Systems, in: Annual Review of Environment and Resources. Volume 30, 2005, 441-473. 
Foster D.R., O’Keefe J.F. (2000): New England Forests Through Time : Insights from the Har-
vard Forest Dioramas. Harvard University Forest; First Edition (August 2000). ISBN-13: 
978-0674003446. 
  
 
Framework for Sustainability Assessments - 294 - 
Foxon T.J., Reed M.S., Stringer L.C. (2009): Governing Long-Term Social-Ecological Change: 
What can the Adaptive Management and Transition Management Approaches learn from 
each other?, in: Environmental Policy and Governance. Volume 19, Issue 1, 2009, 3-20. 
Fouquet R. (2016): Historical energy transitions: Speed, prices and system transformation, in: 
Energy Research & Social Science. Volume 22, 2016, 7-12. 
Francis H.W. (1977): The insurance of nuclear installations, in: Progress in Nuclear Energy. 
Volume 1, Issue 1, 1977, 63-71. 
Frischknecht P., Schmied B. (2009): Umgang mit Umweltsystemen: Methodik zum Bearbeiten 
von Umweltproblemen unter Berücksichtigung des Nachhaltigkeitsgedankens. oekom ver-
lag; 3. Auflage (01 September 2009). ISBN-13: 978-3865811714. 
Fthenakis V., Kim H.C. (2009): Land use and electricity generation: A life-cycle analysis, in: Re-
newable and Sustainable Energy Reviews. Volume 13, Issues 6-7, 2009, 1465-1474. 
Gaiddon B., Kaan H., Munro D. (2009): Photovoltaics in the Urban Environment: Lessons 
Learnt from Large-scale Projects. Earthscan. ISBN-13: 978-1849770149. 
Gallego-Álvarez I., Galindo-Villardón M.P., Rodríguez-Rosa M. (2015): Evolution of sustainabil-
ity indicator worldwide: A study from the economic perspective based on the X-STATICO 
method, in: Ecological Indicators. Volume 58, 2015, 139-151. 
Gallego Carrera D., Mack A. (2010): Sustainability assessment of energy technologies via so-
cial indicators: Results of a survey among European energy experts, in: Energy Policy. 
Volume 38, 2010, 1030-1039. 
Gallagher R.P., Lee T.K., Bajdik C.D., Borugian M. (2010). Ultraviolet radiation, in: Chronic dis-
eases in Canada. Volume 29, Supplement 1, 2010, 51-68. 
Gallo P., Fredianelli L., Palazzuoli D., Licitra G., Fidecaro F. (2016): A procedure for the as-
sessment of wind turbine noise, in: Applied Acoustics. Volume 114, 2016, 213-217. 
Gao F., Ko W.I. (2014): Modelling and system analysis of fuel cycles for nuclear power sustain-
ability (I): Uranium consumption and waste generation, in: Annals of Nuclear Energy. Vol-
ume 65, 2014, 10-23. 
Garces A. (2016): A quadratic approximation for the optimal power flow in power distribution 
systems, in: Electric Power Systems Research. Volume 130, 2016, 222-229. 
Garcia R., Marques P. Freire F. (2014): Life-cycle assessment of electricity in Portugal, in: Ap-
plied Energy. Volume 134, 2014, 563-572. 
Gastil J., Black L.W. (2008): Public Deliberation as the Organizing Principle of Political Commu-
nication Research, in Journal of Public Deliberation. Volume 4, Issue 1, 2008, Article 3. 
Georgilakis P.S. (2008): Technical challenges associated with the integration of wind power into 
power systems, in: Renewable and Sustainable Energy Reviews. Volume 12, Issue 3, 
2008, 852-863. 
Gibons R.B. (2012): Why sustainability assessment?, in: Bond A., Morrison-Saunders A., Howitt 
R. (2012a): Sustainability Assessment: Pluralism, practice and progress. Routledge; 1 edi-
tion (30 August 2012). ISBN-13: 978-0415598491. 
  
 
Framework for Sustainability Assessments - 295 - 
Glasbergen P. (1996): Learning to manage the environment, in: Lafferty W.M., Meadowcroft J. 
(1996): Democracy and the environment: Problems and prospects. Edward Elgar Pub 
(September 1996). ISBN-13: 978-1858983257. 175-193. 
Gonen T. (2014): Electric Power Distribution Engineering. CRC Press; 3 edition (6 January 
2014). ISBN-13: 978-1482207002. 
Goodenough K.M., Schilling J., Jonsson E., Kalvig P., Charles N., Tuduri J., Deady E.A., 
Sadeghi M., Schiellerup H., Müller A., Bertrand G., Arvanitidis N., Eliopoulos D.G., Shaw 
R.A., Thrane K., Keulen N. (2016): Europe's rare earth element resource potential: An 
overview of REE metallogenetic provinces and their geodynamic setting, in: Ore Geology 
Reviews. Volume 72, Part 1, 2016, 838-856. 
Goodwin P., Wright G. (2005): A comparison of decision analysis and scenario thinking as al-
ternative ways of dealing with uncertainty about the future. Proceedings Papers Symposi-
um on Transdisciplinary Case Study Research for Sustainable Development. 11
th
 Annual 
International Sustainable Development Research Conference in Helsinki. A. Wiek, 102-
116. 
Gormally A.M., Whyatt J.D., Timmis R.J., Pooley C.G. (2016): Renewable energy scenarios: 
Exploring technology, acceptance and climate - Options at the community-scale, in: Ap-
plied Geography. Volume 74, 2016, 73-83. 
Govindan K., Seuring S., Zhu Q., Farrido Azevedo S. (2016): Accelerating the transition towards 
sustainability dynamics into supply chain relationship management and governance struc-
ture, in: Journal of Cleaner Production. Volume 112, 2016, 1813-1823. 
Greco S. (2004): Multiple Criteria Decision Analysis: State of the Art Surveys. Springer; 2005 
edition (20 October 2004). ISBN-13: 978-0387230672. 
Green R. (2006): Electricity liberalisation in Europe - how competitive will it be?, in: Energy Poli-
cy. Volume 34, Issue 16, 2006, 2532-2541. 
Grigsby L.L. (2012): Electric Power Generation, Transmission, and Distribution. CRC Press; 3 
edition (16 May 2012). ISBN-13: 978-1439856284. 
Griffin L. (2010): Governance innovation for sustainability: Exploring the tensions and dilemmas, 
in: Environmental Policy and Governance. Volume 20, Issue 6, 2010, 365-369. 
Grin J. (2006): Reflexive modernization as a governance issue, or designing and shaping Re-
structuration, in: Voss J., Bauknecht D., Kemp R. (2006): Reflexive governance for sus-
tainable development (54-81). Cheltenham: Edward Elgar. 
Grober U. (2010): Die Entdeckung der Nachhaltigkeit. Kulturgeschichte eines Begriffs. Kunst-
mann Verlag, München 2010, ISBN-13: 978-3888976483. 
Grunewald K., Bastian O. (2015): Ecosystem Services - Concept, Methods and Case Studies. 
Springer; 2015 edition (20 May 2015). ISBN-13: 978-3662441428. 
Grunwald A., Rösch, C. (2011): Sustainability assessment of energy technologies: towards an 
integrative framework, in: Energy, Sustainability and Society. Volume 1, Issue 3, 2011, 1-
10. 
  
 
Framework for Sustainability Assessments - 296 - 
Gunderson L.H., Holling C.S. (2001): Panarchy: Understanding Transformations in Human and 
Natural Systems. Island Press; 2 edition (01 December 2001). ISBN-13: 978-1559638579. 
Gunderson L.H., Cosens B., Garmestani A.S. (2016): Adaptive governance of riverine and wet-
land ecosystem goods and services, in: Journal of Environmental Management. Volume 
183, Part 2, 1 2016, 353-360. 
Gurgul H., Lach I. (2011): The role of coal consumption in the economic growth of the Polish 
economy in transition, in: Energy Policy. Volume 39, Issue 4, 2011, 2088-2099. 
Gutzler C. et al (2015): Agricultural land use changes - a scenario-based sustainability impact 
assessment for Brandenburg, Germany, in: Ecological Indicators. Volume 48, 2015, 505-
517. 
Haberl H., Fischer-Kowalski M. (2007): Socioecological Transitions and Global Change: Trajec-
tories of Social Metabolism and Land Use. Edward Elgar Pub (07 July 2007). ISBN-13: 
978-1847203403. 
Hackett R. (2015): Market-based environmental governance and public resources in Alberta, 
Canada, in: Ecosystem Services. Volume 15, 2015, 174-180. 
Hadon J.-C. (2015): Solar and Heat Pump Systems for Residential Buildings. Ernst & Sohn; 1 
edition (08 September 2015). ISBN-13: 978-3433030400. 
Hagin B. (2012): Hydropower in Switzerland, in: Reference Module in Earth Systems and Envi-
ronmental Sciences. Comprehensive Renewable Energy Volume 6, 2012, 343-354. 
Hajat S., Chalabi Z., Wilkinson P., Erens B., Jones L., Mays N. (2016): Public health vulnerabil-
ity to wintertime weather: time-series regression and episode analyses of national mortality 
and morbidity databases to inform the Cold Weather Plan for England, in: Public Health. 
Volume 137, 2016, 26-34. 
Hamilton R.L., Trimmer M., Bradley C., Pinay G. (2016): Deforestation for oil palm alters the 
fundamental balance of the soil N cycle, in: Soil Biology and Biochemistry. Volume 95, 
2016, 223-232. 
Hammons T.J. (2008): Integrating renewable energy sources into European grids, in: Electrical 
Power and Energy Systems. Volume 30, 2008, 462-475. 
Harris G., Heptonstall P., Gross R., Handley D. (2013): Cost estimates for nuclear power in the 
UK, in: Energy Policy. Volume 62, 2013, 431-442. 
Hartley N., Wood C. (2005): Public participation in environmental impact assessment - imple-
menting the Aarhus Convention, in: Environmental Impact Assessment Review. Volume 
25, Issue 4, 2005, 319-340. 
Hartman H.L., Mutmanski J.M. (2002): Introductory Mining Engineering. Wiley; 2 edition (09 Au-
gust 2002). ISBN-13: 978-0471348511. 
Hartwick J.M. (1978): Substitution among exhaustible resources and intergenerational equity, 
in: The review of economic studies. Volume 45, Issue 2, 1978, 347-54. 
Hauschild M.Z., Huijbregts M.A.J. (2015): Life Cycle Impact Assessment. Springer; 2015 edition 
(25 March 2015). ISBN-13: 978-9401797436. 
  
 
Framework for Sustainability Assessments - 297 - 
Hatvani-Kovacs G., Belusko M., Skinner N., Pockett J., Boland J. (2016): Heat stress risk and 
resilience in the urban environment, in: Sustainable Cities and Society. Volume 26, 2016, 
278-288. 
Haward M., Van der Zwaag D. (1995): Implementation of UNCED Agenda 21 Chapter 17 in 
Australia and Canada: a comparative analysis, in: Ocean & Coastal Management. Volume 
29, Issues 1-3, 1995, 279-295. 
Haythornthwaite C., Wellman B. (2002): The Internet in Everyday Life. Wiley-Blackwell; 1 edition 
(13 December 2002). ISBN-13: 978-0631235088. 
He X.Y., Wang Z.Y., Huang J.C. (2008): Temporal and spatial distribution of dam failure events 
in China, in: International Journal of Sediment Research. Volume 23, Issue 4, 2008, 398-
405. 
Headrick D. (2015): International Communication: History, in: Wright J.D. (2015): International 
Encyclopedia of the Social & Behavioral Sciences (Second Edition). 2015, 490-494. ISBN-
13: 978-0080970875. 
Heikkurinnen P., Bonnedahl K.J. (2013): Corporate responsibility for sustainable development: 
a review and conceptual comparison of market- and stakeholder-oriented strategies, in: 
Journal of Cleaner Production. Volume 43, 2013, 191-198. 
Heinrich G., Basson L., Cohen B., Howells M., Perie J. (2007): Ranking and selection of power 
expansion alternatives for multiple objectives under uncertainty, in: Energy. Volume 32, 
2007, 2350-2369. 
Henderson M.C. (2014): The Depletion Wall: Non-Renewable Resources, Population Growth, 
and the Economics of Poverty. Waves of the Future (January 6, 2012). ISBN-13: 978-
0980998924. 
Hertin J., Turnpenny J., Jordan A., Nilsson M., Russel D., Nykvist B. (2009): Rationalising the 
Policy Mess? Ex Ante Policy Assessment and the Utilisation of Knowledge in the Policy 
Process, in: Environment and Planning A, Volume 41, Number 5, 2009, 1185-1200. 
Hezri A.A., Dovers S.R. (2006): Sustainability indicators, policy and governance: Issues for eco-
logical economics, in: Ecological Economics. Volume 60, 2006, 86-99. 
Higgins C., Coffey B. (2016): Improving how sustainability reports drive change: a critical dis-
course analysis, in: Journal of Cleaner Production. Volume 136, Part A, 2016, 18-29. 
Hill R., Dyer G.A., Lozada-Ellison L.-M., Gimona A., Martin-Ortega J., Munoz-Rojas J., Gordon 
I.J. (2015): A social-ecological systems analysis of impediments to delivery of the Aichi 
2020 Targets and potentially more effective pathways to the conservation of biodiversity, 
in: Global Environmental Change. Volume 34, 2015, 22-34. 
Hiller J., Healey P. (2008): Contemporary movements in planning theory, in: Critical essays in 
planning theory. Volume 3. Aldershot: Ashgate. 
Hirschberg S., Bauer C., Burgherr P., Biollaz S., Durisch W., Foskolos K., Hardegger P., Meier 
A., Schenler W., Schulz T., Stucki S., Vogel, F. (2005): Neue Erneuerbare Energien und 
neue Nuklearanlagen: Potenziale und Kosten. PSI-Bericht Nr. 05-04. 
www.psi.ch/ta/reports; retrieved on 27 June 2015. 
  
 
Framework for Sustainability Assessments - 298 - 
Hirschberg S., Bauer C., Burgherr P., Cazzoli E., Heck T., Spada M., Treyer K. (2016): Health 
effects of technologies for power generation: Contributions from normal operation, severe 
accidents and terrorist threat, in: Reliability Engineering & System Safety. Volume 145, 
2016, 373-387. 
Hirschman C., Mogford E. (2009): Immigration and the American industrial revolution from 1880 
to 1920, in: Social Science Research. Volume 38, Issue 4, 2009, 897-920. 
Hirschnitz-Garbers M., Tan A.R., Gradmann A., Srebotnjak T. (2016): Key drivers for unsustain-
able resource use - categories, effects and policy pointers, in: Journal of Cleaner Produc-
tion. Volume 132, 2016, 13-31. 
Hisnanick J.J., Kymn K.O. (1999): Modeling economies of scale: the case of US electric power 
companies, in: Energy Economics. Volume 21, Issue 3, 1999, 225-237. 
Hitomi K. (1994): Automation - its concept and a short history, in: Technovation. Volume 14, Is-
sue 2, 1994, 121-128. 
Hobsbawm E. (1996): The Age of Revolution: 1789-1848. Vintage; 1st Vintage Books ed edi-
tion. ISBN-13: 978-0679772538. 
Holden E., Linnerud K. (2007): The sustainable development area: Satisfying basic needs and 
safeguarding ecological sustainability, in: Sustainable Development, Volume 15, 2007, 
174-187. 
Holden M. (2013): Sustainability indicator systems within urban governance: Usability analysis 
of sustainability indicator systems as boundary objects, in: Ecological Indicators, Volume 
32, 2013, 89-96. 
Holling C.S. (1973): Resilience and stability of ecological systems, in: Annual Review of Ecology 
and Systematics. Volume 4, 1973, 1-23. 
Holman N. (2009): Incorporating local sustainability indicators into structures of local govern-
ance: a review of the literature, in: Local Environment. Volume 14, Issue 4, 2009, 365-375. 
Holtz G., Brungach M., Pahl-Wostl, C. (2008): Specifying “regime” - A framework for defining 
and describing regimes in transition research, in: Technological forecasting and Social 
Change. Volume 75, 2008, 623-643. 
Hooper T., Beaumont N., Hattam C. (2017): The implications of energy systems for ecosystem 
services: A detailed case study of offshore wind, in: Renewable and Sustainable Energy 
Reviews. Volume 70, 2017, 230-241. 
Hopwood B., Mellor M., O'Brien G. (2005): Sustainable development: mapping different ap-
proaches, in: Sustainable Development. Volume 13, Issue 1, 2005, 38-52. 
Hore-Lacy I. (2016): Uranium for Nuclear Power: Resources, Mining and Transformation to 
Fuel. Woodhead Publishing. 1st edition (28 March 2016). ISBN-13: 978-0081003077. 
Hornung M. (1999): The Role of Nitrates in the Eutrophication and Acidification of Surface Wa-
ters, in: Managing Risks of Nitrates to Humans and the Environment. Volume 1999, 1999, 
155-174. 
  
 
Framework for Sustainability Assessments - 299 - 
Hossain M.S., Madlool N.A., Rahim N.A., Selvaraj J., Pandey A.K., Khan A.F. (2016): Role of 
smart grid in renewable energy: An overview, in: Renewable and Sustainable Energy Re-
views. Volume 60, 2016, 1168-1184. 
Howard B., Saba A., Gerrard M., Modi V. (2014): Combined heat and power's potential to meet 
New York City's sustainability goals, in: Energy Policy. Volume 65, 2014, 444-454. 
Howell C. (2007): Trade Unions and the State: The Construction of Industrial Relations Institu-
tions in Britain, 1890-2000. Princeton University Press; New edition (04 March 2007). 
ISBN-13: 978-0691130408. 
Hueting R., Reijnders L. (2004): Broad sustainability contra sustainability: The proper construc-
tion of sustainability indicators, in: Ecological Economics, Volume 50, 2004, 249-260. 
Hughes T.P. (1993): Networks of Power: Electrification in Western Society. Johns Hopkins Uni-
versity Press; Reprint edition (01 March 1993). ISBN-13: 978-0801846144. 
Huh S.-Y., Woo J.R., Lim S., Lee Y.-G., Kim C.S. (2015): What do customers want from im-
proved residential electricity services? Evidence from a choice experiment, in: Energy Poli-
cy. Volume 85, 2015, 410-420. 
Humbert M. (2007): Technology and Workforce: Comparison between the Information Revolu-
tion and the Industrial Revolution. University of California, Berkeley School of Information 
Info 210: The Information and Services Economy. Info-science. 
epfl.ch/record/146804/files/InformationSchool.pdf; retrieved on 21 June 2015. 
Humphrey J.W. (2006): Ancient Technology. Greenwood. ISBN-13: 978-0313327636. 
Hun Lee J., Kakinuma K., Okuro T., Iwasa Y. (2015): Coupled social and ecological dynamics of 
herders in Mongolian rangelands, in: Ecological Economics. Volume 114, 2015, 208-217. 
Ifegbesan A.P., Rampedi I.T., Annegarn H.J. (2016): Nigerian households' cooking energy use, 
determinants of choice, and some implications for human health and environmental sus-
tainability, in: Habitat International. Volume 55, 2016, 17-24. 
Incropera F.P. (2015): Climate Change: A Wicked Problem: Complexity and Uncertainty at the 
Intersection of Science, Economics, Politics, and Human Behavior. Cambridge University 
Press; 1 edition (23 September 2015). ISBN-13: 978-1107109070. 
Ishak M.H., Sipan I., Sapri M., Iman A.H.M., Martin D. (2016): Estimating potential saving with 
energy consumption behaviour model in higher education institutions, in: Sustainable Envi-
ronment Research. Volume 26, Issue 6, 2016, 268-273. 
Izadyar N., Ong H.C., Chong W.T., Leong K.Y. (2016): Resource assessment of the renewable 
energy potential for a remote area: A review, in: Renewable and Sustainable Energy Re-
views. Volume 62, 2016, 908-923. 
Jager H.I., Smith B.T. (2008): Sustainable reservoir operation: can we generate hydropower 
and preserve ecosystem values, in: River Research and Applications. Volume 24, Issue 3, 
2008, 340-352. 
Jamasb T., Pollitt M.G. (2011): Electricity sector liberalisation and innovation: An analysis of the 
UK's patenting activities, in: Research Policy. Volume 40, Issue 2, 2011, 309-324. 
  
 
Framework for Sustainability Assessments - 300 - 
James L.A., Lecce S.A. (2013): Impacts of Land-Use and Land-Cover Change on River Sys-
tems, in: Reference Module in Earth Systems and Environmental Sciences. Volume 9, 
Treatise on Geomorphology, 2013, 768-793. 
Jáñez Morán A., Profaizer P., Herrando Zapater M., Andérez Valdavida M., Zabalza Bribián I. 
(2016): Information and Communications Technologies (ICTs) for energy efficiency in 
buildings: Review and analysis of results from EU pilot projects, in: Energy and Buildings. 
Volume 127, 2016, 128-137. 
Janke J.R. (2010): Multicriteria GIS modelling of wind and solar farms in Colorado, in: Renewa-
ble Energy. Volume 35, Issue 10, 2010, 2228-2234. 
Jarvis N.A., O'Bryan C.A., Dawoud T.M., Park S.H., Kwon Y.M., Crandall P.G., Ricke S.C. 
(2016): An overview of Salmonella thermal destruction during food processing and prepa-
ration, in: Food Control. Volume 68, 2016, 280-290. 
Jenkins N., Long, C., Wu J. (2015): An Overview of the Smart Grid in Great Britain, in: Engi-
neering. Volume 1, Issue 4, 2015, 413-421. 
Jeswani H.K., Gujba H., Azapagic A. (2011): Assessing Options for Electricity Generation from 
Biomass on a Life Cycle Basis: Environmental and Economic Evaluation, in: Waste Bio-
mass Valor. Volume 2, 2011, 33-42. 
Jha-Thakur U., Gazzola P., Peel D., Fischer T.B., Kidd S. (2009): Effectiveness of strategic en-
vironmental assessment - the significance of learning, in: Impact Assessment and Project 
Appraisal. Volume 27, Issue 2, 2009, 133-144. 
Jiang J. (2016): China's urban residential carbon emission and energy efficiency policy, in: En-
ergy. Volume 109, 2016, 866-875. 
Johnston A., Heffron R.J., McCauley D. (2014): Rethinking the scope and necessity of energy 
subsidies in the United Kingdom, in: Energy Research & Social Science. Volume 3, 2014, 
1-4. 
Jones C.E., Baker M., Carter J., Jay S., Short M., Wood C. (2005): Strategic Environmental As-
sessment and Land Use Planning: An International Evaluation. Routledge (03 October 
2005). ISBN-13: 978-1844071104. 
Jones R.V., Fuertes A., Lomas K.J. (2015): The socio-economic, dwelling and appliance related 
factors affecting electricity consumption in domestic buildings, in: Renewable and Sustain-
able Energy Reviews. Volume 43, 2015, 901-917. 
Jones T., Harms L., Heinen E. (2016): Motives, perceptions and experiences of electric bicycle 
owners and implications for health, wellbeing and mobility, in: Journal of Transport Geog-
raphy. Volume 53, 2016, 41-49. 
Jordan A. (2008): The governance of sustainable development: Taking stock and looking for-
wards, in: Environment and Planning C Government and Policy. Volume 26, Issue 1, 2008, 
17-33. 
Jørgensen A., Le Bocq A., Nazarkina L., Hauschild M. (2008): Methodologies for Social Life Cy-
cle Assessment, in: International Journal of Life Cycle Assessment. Volume 13, Issue 2, 
2008, 96-103. 
  
 
Framework for Sustainability Assessments - 301 - 
Juaidi A., Montoya F.G., Ibrik I.H., Manzano-Agugliaro F. (2016): An overview of renewable en-
ergy potential in Palestine, in: Renewable and Sustainable Energy Reviews. Volume 65, 
2016, 943-960. 
Jülch V. (2016): Comparison of electricity storage options using levelized cost of storage 
(LCOS) method, in: Applied Energy. Volume 183, 2016, 1594-1606. 
Juslén H., Wouters M., Tenner A. (2007): The influence of controllable task-lighting on produc-
tivity: a field study in a factory, in: Applied Ergonomics. Volume 38, Issue 1, 2007, 39-44. 
Kablouti G. (2015): Cost of Water Use: A Driver of Future Investments into Water-efficient 
Thermal Power Plants?, in: Aquatic Procedia. Volume 5, 2015, 31-43. 
Kagiannas A.G., Askounis D.T., Psarras J. (2004): Power generation planning: a survey from 
monopoly to competition, in: International Journal of Electrical Power & Energy Systems. 
Volume 26, Issue 6, 2004, 413-421. 
Kalmykova Y., Rosado L., Patrício J. (2016): Resource consumption drivers and pathways to 
reduction: economy, policy and lifestyle impact on material flows at the national and urban 
scale, in: Journal of Cleaner Production. Volume 132, 2016, 70-80. 
Kang M.J., Hwang J. (2016): Structural dynamics of innovation networks funded by the Europe-
an Union in the context of systemic innovation of the renewable energy sector, in: Energy 
Policy. Volume 96, 2016, 471-490. 
Karger C.R., Hennings W. (2009): Sustainability evaluation of decentralized electricity genera-
tion, in: Renewable and Sustainable Energy Reviews. Volume 13, 2009, 583-593. 
Karmellos M., Kopidou D., Diakoulaki D. (2016): A decomposition analysis of the driving factors 
of CO2 (Carbon dioxide) emissions from the power sector in the European Union coun-
tries, in: Energy. Volume 94, 2016, 680-692. 
Kashef A.-A. I. (1981): Technical and ecological impacts of the High Aswan Dam, in: Journal of 
Hydrology. Volume 53, Issues 1-2, 1981, 73-84. 
Kästel P., Gilroy-Scott B. (2015): Economics of pooling small local electricity prosumers - LCOE 
& self-consumption, in: Renewable and Sustainable Energy Reviews. Volume 51, 2015, 
718-729. 
Kates R.W., Parris T.M., Leiserowitz A.A. (2005): What is Sustainable Development? Goals, In-
dicators, Values and Practice, in: Environment: Science and Policy for Sustainable Devel-
opment. Volume 47, Number 3, 2005, 8-21. 
Kavousian A., Rajagopal R., Fischer M. (2013): Determinants of residential electricity consump-
tion: using smart meter data to examine the effect of climate, building characteristics, ap-
pliance stock, and occupants’ behaviour, in: Energy. Volume 55, 2013, 184-194. 
Keles D., Bublitz A., Zimmermann F., Genoese M., Fichtner W. (2016): Analysis of design op-
tions for the electricity market: The German case, in: Applied Energy. Volume 183, 2016, 
884-901. 
Kelly C., Ferrara A., Wilson G.A., Ripullone F., Nolè A, Harmer N., Salvati L. (2015): Community 
resilience and land degradation in forest and shrub land socio-ecological systems: Evi-
dence from Gorgoglione, Basilicata, Italy, in: Land Use Policy. Volume 46, 2015, 11-20. 
  
 
Framework for Sustainability Assessments - 302 - 
Kemp R., Parto S., Gibson R.B. (2005): Governance for sustainable development: moving from 
theory to practice, in: International Journal of Sustainable Development, Volume 8, Num-
bers 1/2, 2005, 12-30. 
Kern F., Rogge K.S. (2016): The pace of governed energy transitions: Agency, international dy-
namics and the global Paris agreement accelerating decarbonisation processes?, in: En-
ergy Research & Social Science. Volume 22, 2016, 13-17. 
Kesting S., Bliek F. (2013): Chapter 14 - From Consumer to Prosumer: Netherland’s 
PowerMatching City Shows The Way, in: Energy Efficiency, Sioshansi F.P., Editor. 2013, 
Academic Press: Boston. 2013, 355-373. 
Khan M.A., Abbas F. (2016): The dynamics of electricity demand in Pakistan: A panel co-
integration analysis, in: Renewable and Sustainable Energy Reviews. Volume 65, 2016, 
1159-1178. 
Khoury J., Mbayed R., Salloum G., Monmasson E. (2016): Design and implementation of a real 
time demand side management under intermittent primary energy source conditions with a 
PV-battery backup system, in: Energy and Buildings. Volume 133, 2016, 122-130. 
Kinkela D. (2013): DDT and the American Century: Global Health, Environmental Politics, and 
the Pesticide That Changed the World. The University of North Carolina Press; Reprint edi-
tion (01 August 2013). ISBN-13: 978-1469609775. 
Kipping A., Trømborg E. (2015): Hourly electricity consumption in Norwegian households - As-
sessing the impacts of different heating systems, in: Energy. Volume 93, 2015, 655-671. 
Kitsutaka Y., Tsukagoshi M. (2014): Method on the aging evaluation in nuclear power plant 
concrete structures, in: Nuclear Engineering and Design. Volume 269, 2014, 286-290. 
Kittel C., Kroemer H. (1980): Thermal Physics. W. H. Freeman; 2nd edition (15 January 1980). 
ISBN-13: 978-0716710882. 
Kivisto P. (2008): Social Theory: Roots and Branches. Oxford University Press; 5 edition (15 
November 2012). ISBN-13: 978-0199937127. 
Kizza J.M. (2013): Ethical and Social Issues in the Information Age. Springer; 5th ed. 2013 edi-
tion (19 March 2013). ISBN-13: 978-1447149897. 
Knüppe K., Knieper C. (2016): The governance of ecosystem services in river basins: An ap-
proach for structured data representation and analysis, in: Environmental Science & Policy. 
Volume 66, 2016, 31-39. 
Komiyama R., Fujii Y. (2015): Long-term scenario analysis of nuclear energy and variable re-
newables in Japan's power generation mix considering flexible power resources, in: Ener-
gy Policy. Volume 83, 2015, 169-184. 
Kong N., Salzmann O., Steger U., Ionescu-Somers A. (2002): Moving Business/Industry To-
wards Sustainable Consumption: The Role of NGOs, in: European Management Journal. 
Volume 20, Issue 2, 2002, 109-127. 
Kooiman J. (2003): Governing as Governance. London: Sage Publications Ltd. ISBN-13: 978-
0761940357. 
  
 
Framework for Sustainability Assessments - 303 - 
Koontz T.M., Gupta D., Mudliar P., Ranjan P. (2015): Adaptive institutions in social-ecological 
systems governance: A synthesis framework, in: Environmental Science & Policy. Volume 
53, Part B, 2015, 139-151. 
Kopfmüller J., Brandl V., Jörissen J., Paetau M., Banse G., Coenen R., Grunwald A., (2001): 
Nachhaltige Entwicklung integrativ betrachtet: Konstitutive Elemente, Regeln, Indikatoren. 
edition sigma (2001). ISBN-13: 978-3894045715. 
Kopfmüller J. (2006): Ein Konzept auf dem Prüfstand: Das integrierte Nachhaltigkeitskonzept in 
der Forschungspraxis. edition sigma (October 2006). ISBN-13: 978-3894045821. 
Kosow H., Gassner R. (2008): Methoden der Zukunfts- und Szenarioanalyse: Überblick, Bewer-
tung und Auswahlkriterien. Institut für Zukunftsstudien und Technologiebewertung, Werk-
stattbericht Nr. 103; retrieved on 29 September 2015. 
Kowalski K., Stagl S., Madlener R., Omann I. (2009): Sustainable energy futures: Methodologi-
cal challenges in combining scenarios and participatory multi-criteria analysis, in: Europe-
an Journal of Operational Research. Volume 197, 2009, 1063-1074. 
Krank S., Wallbaum H., Grêt-Regamey A. (2013): Perceived Contribution of Indicator Systems 
to Sustainable Development in Developing Countries, in: Sustainable Development. Vol-
ume 21, 2013, 18-29. 
Krausmann F., Fischer-Kowalski M., Schandl H., Eisenmenger N. (2009): The global socio-
metabolic transition: past and present metabolic profiles and their future trajectories, in: 
Journal of Industrial Ecology. Volume 12, Issues 5-6, 2009, 637-656. 
Krasko V.A., Doris E. (2013): State distributed PV policies: Can low cost (to government) poli-
cies have a market impact?, in: Energy Policy. Volume 59, 2013, 172-181. 
Kula E. (2015): Future generations and nuclear power - A pluralistic economic appraisal, in: Fu-
tures. Volume 73, 2015, 37-47. 
Künneke R.W. (1999): Electricity networks: how ‘natural’ is the monopoly?, in: Utilities Policy. 
Volume 8, Issue 2, 1999, 99-108. 
Kuznets S. (1934): National Income, 1929-1932. National Bureau of Economic Research. 
www.nber.org/chapters/c2258.pdf; retrieved on 01 October 2015. 
Laband D.N. (2013): The neglected stepchildren of forest-based ecosystem services: Cultural, 
spiritual, and aesthetic values, in: Forest Policy and Economics. Volume 35, 2013, 39-44. 
Lagendijk V. (2008): Electrifying Europe: The Power of Europe in the Construction of Electricity 
Networks. Amsterdam University Press; Aksant Imprint edition (15 October 2008). ISBN-
13: 978-9052603094. 
Laicane I., Blumberga D., Blumberga A., Rosa M. (2015): Reducing Household Electricity Con-
sumption through Demand Side Management: The Role of Home Appliance Scheduling 
and Peak Load Reduction, in: Energy Procedia. Volume 72, 2015, 222-229. 
Laleman R., Albrecht J. (2016): Belgian blackout? Estimations of the reserve margin during the 
nuclear phase-out, in: International Journal of Electrical Power & Energy Systems. Volume 
81, 2016, 416-426. 
  
 
Framework for Sustainability Assessments - 304 - 
Lange P., Driessen P.P.J., Sauer A., Bornemann B., Burger P. (2013): Governing Towards Sus-
tainability - Conceptualising Modes of Governance, in: Journal of Environmental Policy and 
Planning. Volume 15, Issue 3, 2013, 403-425. 
Langmead O., McQuatters-Gollop A., Mee L.D., Friedrich J., Gilbert A.J., Gomoiu M.-T., Jack-
son E.L., Knudsen S., Minicheva G., Todorova V. (2009): Recovery or decline of the 
northwestern Black Sea: A societal choice revealed by socio-ecological modelling, in: Eco-
logical modelling. Volume 220, 2009, 2927-2939. 
Laraia M. (2015): Radioactive contamination and other environmental impacts of waste from 
nuclear and conventional power plants, medical and other industrial sources, in: Environ-
mental Remediation and Restoration of Contaminated Nuclear and Norm Sites. A volume 
in Woodhead Publishing Series in Energy, 2015, 35-56. 
Larsen B.M., Nesbakken R. (2004): Household electricity end-use consumption: Results from 
econometric and engineering models, in: Energy Economics. Volume 26, Issue 2, 2004, 
179-200. 
Laugs G.A.H., Moll H.C. (2017): A review of the bandwidth and environmental discourses of fu-
ture energy scenarios: Shades of green and grey, in: Renewable and Sustainable Energy 
Reviews. Volume 67, 2017, 520-530. 
Lee F.L.F., Chen H.-T., Chan M. (2017): Social media use and university students’ participation 
in a large-scale protest campaign: The case of Hong Kong’s Umbrella Movement, in: 
Telematics and Informatics. Volume 34, Issue 2, 2017, 457-469. 
Lee R.P., Gloaguen S. (2015): Path-dependence, lock-in, and student perceptions of nuclear 
energy in France: Implications from a pilot study, in: Energy Research & Social Science. 
Volume 8, 2015, 86-99. 
Lélé S.M. (1991): Sustainable development: A critical review, in: World Development. Volume 
19, Issue 6, 1991, 607-621. 
Levin T., Thomas V.M. (2012): Least-cost network evaluation of centralized and decentralized 
contributions to global electrification, in: Energy Policy, Volume 41, 2012, 286-302. 
Lewis H.W., Budnitz R.J., Rowe W.D., Kouts H.J.C., Hippel F.V. Loewenstein W.B., Zachari-
asen F. (1979): Risk assessment review group report to the US Nuclear Regulatory 
Comission, IEEE Transactions on Nuclear Science. Volume 26, 1979, 4686-4690. 
Li X., Zhu Y., Zhang Z. (2010): An LCA-based environmental impact assessment model for 
construction processes, in: Building and Environment. Volume 45, 2010, 766-775. 
Li C., Liu Y., Li G., Li J., Zhu D., Jia W., Li G., Zhi Y., Zhai X. (2016): Evaluation of wind energy 
resource and wind turbine characteristics at two locations in China, in: Technology in Soci-
ety. Volume 47, 2016, 121-128. 
Lieven T. (2015): Policy measures to promote electric mobility - A global perspective, in: Trans-
portation Research Part A: Policy and Practice. Volume 82, 2015, 78-93. 
Linares P., Conchado A. (2013): The economics of new nuclear power plants in liberalized elec-
tricity markets, in: Energy Economics. Volume 40, Supplement 1, 2013, 119-125. 
  
 
Framework for Sustainability Assessments - 305 - 
Lindberg C.-F., Zahedian K., Solgi M., Lindkvist R. (2014): Potential and Limitations for Industri-
al Demand Side Management, in: Energy Procedia. Volume 61, 2014, 415-418. 
Liu C., Zeng, Q.-A., Liu, Y. (2011): A Dynamic Load Control Scheme for Smart Grid Systems, in: 
Energy Procedia. Volume 12, 2011, 200-205. 
Lockwood M. (2010): Good governance for terrestrial protected areas: a framework, principles 
and performance outcomes, in: Journal of Environmental Management. Volume 91, Issue 
3, 2010, 754-766. 
Loorbach D. (2010): Transition Management for Sustainable Development: A Prescriptive, 
Complexity-based Governance Framework, in: Governance: An International Journal of 
Policy, Administration, and Institutions. Volume 23, Number 1, 2010, 161-183. 
Lopes Silva D.A., Delai I., Delgado Montes M.L., Ometto A.R. (2014): Life cycle assessment of 
the sugarcane bagasse electricity generation in Brazil, in: Renewable and Sustainable En-
ergy Reviews. Volume 32, 2014, 532-547. 
Lopez N., Espiritu J.F. (2011): An approach to hybrid power systems, in: Procedia Computer 
Science. Volume 6, 2011, 463-468. 
Lorenzo E. (1994): Solar Electricity: Engineering of Photovoltaic Systems. Progensa. ISBN-13: 
978-8486505554. 
Louis J.-N., Calo A., Leiviskä K., Pongrácz E. (2015): Environmental Impacts and Benefits of 
Smart Home Automation: Life Cycle Assessment of Home Energy Management System, 
in: IFAC-PapersOnLine. Volume 48, Issue 1, 2015, 880-885. 
Luhmann N. (1984): Soziale Systeme. Grundriss einer allgemeinen Theorie. Suhrkamp Verlag 
Frankfurt am Main; Erste Auflage (1987). ISBN: 3518282662. 
Luickx P.J., Delarue E.D., D’haeseleer W.D. (2010): Impact of large amounts of wind power on 
the operation of an electricity generation system: Belgian case study, in: Renewable and 
Sustainable Energy Reviews, Volume 14, Issue 7, 2010, 2019-2028. 
Lund P.D. (2009): Effects of energy policies on industry expansion in renewable energy, in: Re-
newable Energy. Volume 34, Issue 1, 2009, 53-64. 
Lund P.D., Lindgren J., Mikkola J., Salpakari J. (2015): Review of energy system flexibility 
measures to enable high levels of variable renewable electricity, in: Renewable and Sus-
tainable Energy Reviews. Volume 45, 2015, 785-807. 
Luukkanen J., Akgün O., Kaivo-oja J., Korkeakoski M., Pasanen T., Panula-Ontto J., Vehmas J. 
(2015): Long-run energy scenarios for Cambodia and Laos: Building an integrated techno-
economic and environmental modelling framework for scenario analyses, in: Energy. Vol-
ume 91, 2015, 866-881. 
Lyatkher V.M. (2014): Tidal Power: Harnessing Energy from Water Currents. Wiley-Scrivener; 1 
edition (21 April 2014). ISBN-13: 978-1118720912. 
Macnaghten P., Urry J. (1998): Contested Natures. Sage Publications Ltd; 1 edition (21 May 
1998). ISBN-13: 978-0761953128. 
  
 
Framework for Sustainability Assessments - 306 - 
Mahaffey J. (2015): Atomic Accidents: A History of Nuclear Meltdowns and Disasters: From the 
Ozark Mountains to Fukushima. Pegasus 1 edition (15 February 2015). ISBN-13: 978-
1605986807. 
Manwell (2010): Wind Energy Explained: Theory, Design and Application. Wiley; 2 edition (01 
February 2010). ISBN-13: 978-0470015001. 
Marimon F., del Mar Alonso-Almeida M., del Pilar Rodríguez M., Cortez Alejandro K.A. (2012): 
The worldwide diffusion of the global reporting initiative: what is the point?, in: Journal of 
Cleaner Production. Volume 33, 2012, 132-144. 
Mariotte M. (2011): The nuclear loan program will not spur private investment in new reactors 
and should be ended, in: The Electricity Journal. Volume 24, Issue 6, 2011, 72-77. 
Marriott B. (1997): Environmental Impact Assessment: A Practical Guide. McGraw-Hill Educa-
tion; 1 edition (01 January 1997). ISBN-13: 978-0070404106. 
Markard J., Truffer B. (2006): Innovation processes in large technical systems: Market liberaliza-
tion as a driver for radical change?, in: Research Policy. Volume 35, Issue 5, 2006, 609-
625. 
Mathe P. (2011): Die Geburt der „Nachhaltigkeit“ des Hans Carl von Carlowitz - heute eine For-
derung der globalen Ökonomie, in: Forst und Holz 56. Jahrgang. Heft 7, 2001, 246-248. 
Mathiesen B.V., Duić N., Stadler I., Rizzo G., Guzović Z. (2015): The interaction between inter-
mittent renewable energy and the electricity, heating and transport sectors, in: Energy. 
Volume 48, Issue 1, 2012, 2-4. 
Matteson S. (2014): Methods for multi-criteria sustainability and reliability assessments of power 
systems, in: Energy. Volume 71, 2014, 130-136. 
Matthews N. (2016): People and Fresh Water Ecosystems: Pressures, Responses and Resili-
ence, in: Aquatic Procedia. Volume 6, 2016, 99-105. 
Mattor K., Betsill M., Huayhuaca C., Huber-Stearns H., Jedd T., Sternlieb F., Bixler P., Luizza 
M., Cheng A.S. (2014): Transdisciplinary research on environmental governance: A view 
from the inside, in: Environmental Science & Policy. Volume 42, 2014, 90-100. 
Maxim A. (2014): Sustainability assessment of electricity generation technologies using 
weighted multi-criteria decision analysis, in: Energy Policy. Volume 65, 2014, 284-297. 
Maxim L., Spangenberg J.H., O’Connor M. (2009): An analysis of risks for biodiversity under the 
DPSIR framework, in: Ecological Economics. Volume 69, 2009, 12-23. 
McCool S.F., Stankey G.H. (2004): Indicators of sustainability: Challenges and opportunities at 
the interface of science and policy, in: Environmental Management. Volume 33, 2004, 294-
305. 
McGowan T.F., Brown M.L., Bulpitt W.S., Walsh Jr L.W. (2009): Biomass and Alternate Fuel 
Systems: An Engineering and Economic Guide. Wiley-AIChE; 1 edition (13 April 2009). 
ISBN-13: 978-0470410288. 
McKee K. (2009): Post-Foucauldian governmentality: what does it offer critical social policy 
analysis?, in: Critical Social Policy. Volume 29, 2009, 465-486. 
  
 
Framework for Sustainability Assessments - 307 - 
McLean K.A., Byanaku A., Kubikonse A., Tshowe V., Katensi S. and Lehman A.G. (2014): Fish-
ing with bed nets on Lake Tanganyika: a randomized survey, in: Malaria Journal. Volume 
13, 2014, 395. 
McLoughlin F., Duffy A., Conlon M. (2012): Characterising domestic electricity consumption pat-
terns by dwelling and occupant socio-economic variables: An Irish case study, in: Energy 
Buildings. Volume 48, 2012, 240-248. 
McNerney J., Farmer J.D., Trancik J.E. (2011): Historical costs of coal-fired electricity and impli-
cations for the future, in: Energy Policy. Volume 39, Issue 6, 2011, 3042-3054. 
Meadowcroft J. (1999): Planning for Sustainable Development: What can be learned from the 
Critics?, in: Kenny M. and Meadowcroft J. (1999): Planning for Sustainability. London: 
Routledge (01 September 1999). 12-38. 
Meadowcroft J. (2007): Who is in Charge here? Governance for Sustainable Development in a 
Complex World, in: Journal of Environmental Policy and Planning. Volume 9, Issue 3, 
2007, 299-314. 
Meadowcroft J. (2009): What about the politics? Sustainable development, transition manage-
ment, and long term energy transitions, in: Policy Sciences. Volume 42, Number 4, 2009, 
323-340. 
Meadowcroft J. (2011): Sustainable Development. Devir M. (ed.): The Sage Handbook of Gov-
ernance. Sage Publications Ltd: 535-551. 
Meadowcroft J., Langhelle O., Ruud A. (2014): Governance, Democracy and Sustainable De-
velopment: Moving Beyond the Impasse. Edward Elgar Pub (31 July 2014). ISBN-13: 978-
1782544913. 
Meadows D.H., Randers J., Meadows D.L. (1972): The Limits to Growth. Earthscan, 2004. 
ISBN-13: 978-1849775861. 
Merten G.H., Minella J.P.G. (2013): The expansion of Brazilian agriculture: Soil erosion scenari-
os, in: International Soil and Water Conservation Research. Volume 1, Issue 3, 2013, 37-
48. 
Mesarić P., Krajcar S. (2015): Home demand side management integrated with electric vehicles 
and renewable energy sources, in: Energy and Buildings. Volume 108, 2015, 1-9. 
Mesthene E.G. (1970): Technological Change: It’s Impact on Man and Society. Harvard Univer-
sity Press, ISBN: 0674872355. 
Meyers S., Schmitt B., Chester-Jones M., Sturm B. (2016): Energy efficiency, carbon emissions, 
and measures towards their improvement in the food and beverage sector for six Europe-
an countries, in: Energy. Volume 104, 2016, 266-283. 
Michelsen C.C., Madlener R. (2016): Switching from fossil fuel to renewables in residential heat-
ing systems: An empirical study of homeowners' decisions in Germany, in: Energy Policy. 
Volume 89, 2016, 95-105. 
Mikkola J., Lund P.D. (2016): Modeling flexibility and optimal use of existing power plants with 
large-scale variable renewable power schemes, in: Energy. Volume 112, 2016, 364-375. 
  
 
Framework for Sustainability Assessments - 308 - 
Miller R., Malinowski J. (1994): Power System Operation. McGraw-Hill Education; 3 edition (01 
January 1994). ISBN-13: 978-0070419773. 
Moldan B., Janoušková S., Hák T. (2012): How to understand and measure environmental sus-
tainability: Indicators and targets, in: Ecological Indicators. Volume 17, 2012, 4-13. 
Mollik S., Rashid M.M., Hasanuzzaman M., Karim M.E., Hosenuzzaman M. (2016): Prospects, 
progress, policies, and effects of rural electrification in Bangladesh, in: Renewable and 
Sustainable Energy Reviews. Volume 65, 2016, 553-567. 
Momoh J. (2012): Smart Grid: Fundamentals of Design and Analysis. John Wiley & Sons. ISBN-
13: 978-0470889398. 
Monnikhof R.A.H., Edelenbos J. (2001): Into the fog? Stakeholder input in participatory impact 
assessment, in: Impact Assessment and Project Appraisal. Volume 19, Number 1, 2001, 
29-39. 
Moran E.F. (2010): Environmental Social Science: Human - Environment interactions and Sus-
tainability. Wiley-Blackwell; 1 edition (08 February 2010). ISBN-13: 978-1405105736. 
Moreira D., Pires J.C.M. (2016): Atmospheric CO2 capture by algae: Negative carbon dioxide 
emission path, in: Bioresource Technology. Volume 215, 2016, 371-379. 
Morisson-Saunders A., Pope J. (2013): Conceptualising and managing trade-offs in sustainabil-
ity assessment, in: Environmental Impact Assessment Review. Volume 38, 2013, 54-63. 
Morton Jr D.L. (2002): Reviewing the history of electric power and electrification, in: Endeavour. 
Volume 26, Issue 2, 2002, 60-63. 
Mouchet M.A., Paracchini M.L., Schulp C.J.E., Stürck J., Verkerk P.J., Verburg P.H., Lavorel S. 
(2017): Bundles of ecosystem (dis)services and multifunctionality across European land-
scapes, in: Ecological Indicators. Volume 73, 2017, 23-28. 
Moura P.S., de Almeida A.T. (2010): The role of demand-side management in the grid integra-
tion of wind power, in: Applied Energy. Volume 87, Issue 8, 2010, 2581-2588. 
Mousia A., Dimoudi A. (2015): Energy performance of open air swimming pools in Greece, in: 
Energy and Buildings. Volume 90, 2015, 166-172. 
Moussiopoulos N. (1990): Influence of power plant emissions and industrial emissions on the 
leeward ozone levels, in: Atmospheric Environment. Part A: General Topics, Volume 24, 
Issue 6, 1990, 1451-1460. 
Mowery D.C., Simcoe T. (2002): Is the Internet a US invention?—an economic and technologi-
cal history of computer networking, in: Research Policy. Volume 31, Issues 8-9, 2002, 
1369-1387. 
Mukherjee I., Sovacool B.K. (2014): Palm oil-based biofuels and sustainability in Southeast 
Asia: A review of Indonesia, Malaysia, and Thailand, in: Renewable and Sustainable Ener-
gy Reviews. Volume 37, 2014, 1-12. 
Müller R., Steinert M., Teufel S. (2008): Successful diversification strategies of electricity com-
panies: An explorative empirical study on the success of different diversification strategies 
  
 
Framework for Sustainability Assessments - 309 - 
of German electricity companies in the wake of the European market liberalization, in: En-
ergy Policy. Volume 36, Issue 1, 2008, 398-412. 
Muñoz-Vallés S., Cambrollé J., Figueroa-Luque E., Luque T., Niell F.X., Figueroa M.E. (2016): 
An approach to the evaluation and management of natural carbon sinks: From plant spe-
cies to urban green systems, in: Urban Forestry & Urban Greening. Volume 12, Issue 4, 
2013, 450-453. 
Myllyviita T., Holma A., Antikainen R., Läthinen K., Leskinen P. (2012): Assessing environmen-
tal impacts of biomass production chains - application of life cycle assessment (LCA) and 
multi-criteria analysis (MCDA), in: Journal of Cleaner Production. Volume 29-30, 2012, 
238-245. 
Nakamaru M., Iwasa A., Nakanishi J. (2003): Extinction risk to bird populations caused by DDT 
exposure, in: Chemosphere. Volume 53, Issue 4, 2003, 377-387. 
Narkuniene A., Poskas P., Kilda R., Bartkus G. (2015): Uncertainty and sensitivity analysis of 
radionuclide migration through the engineered barriers of deep geological repository: Case 
of RBMK-1500 SNF, in: Reliability Engineering & System Safety. Volume 136, 2015, 8-16. 
Nascimento Medeiros L., Ganz Sanchez T. (2016): Tinnitus and cell phones: the role of elec-
tromagnetic radiofrequency radiation, in: Brazilian Journal of Otorhinolaryngology. Volume 
82, Issue 1, 2016, 97-104. 
Neenan B., Kinnell J.C., Bingham M., Hickman S. (2016): Consumer preferences for electric 
service alternatives, in: The Electricity Journal. Volume 29, Issue 5, 2016, 62-71. 
Nemet G.F., Husmann D. (2012): PV Learning Curves and Cost Dynamics, in: Semiconductors 
and Semimetals. Volume 87, 2012, 85-142. 
Neuhoff K. (2008): Tackling Carbon - How to price carbon for climate policy. University of Cam-
bridge. www.eprg.group.cam.ac.uk/wp-content/uploads/2009/03/tack-ling-
carbon_final_3009082.pdf; retrieved on 20 October 2014. 
Neumayer E. (2013): Weak Versus Strong Sustainability: Exploring the Limits of Two Opposing 
Paradigms. Edward Elgar Pub; 4 edition (30 June 2013). ISBN-13: 978-1781007099. 
Nevens F., Roorda C. (2014): A climate of change: A transition approach for climate neutrality in 
the city of Ghent (Belgium), in: Sustainable Cities and Society. Volume 10, 2014, 112-121. 
Newig J., Voss J.P., Monstadt J. (2008): Governance for Sustainable Development: Steering in 
the Contexts of Ambivalence, Uncertainty and Distributed Power. Routledge: London. 
Newig J., Voss J.P. (2010): Steuerung nachhaltiger Entwicklung, in: Steurer R., Trattnigg R. 
(2010): Nachhaltigkeit regieren: Eine Bilanz zu Governance-Prinzipien und -Praktiken, Oe-
kom, München, 239-257. 
Nguyen T.T.X., Bonetti J., Rogers K., Woodroffe C.D. (2016): Indicator-based assessment of 
climate-change impacts on coasts: A review of concepts, methodological approaches and 
vulnerability indices, in: Ocean & Coastal Management. Volume 123, 2016, 18-43. 
Ni K., Carter E., Schauer J.J., Ezzati M., Zhang Y., Niu H., Lai A.M., Shan M., Wang Y., Yang 
X., Baumgartner J. (2016): Seasonal variation in outdoor, indoor, and personal air pollution 
  
 
Framework for Sustainability Assessments - 310 - 
exposures of women using wood stoves in the Tibetan Plateau: Baseline assessment for 
an energy intervention study, in: Environment International. Volume 94, 2016, 449-457. 
Niemi R., Lund P.D. (2010): Decentralized electricity system sizing and placement in distribution 
networks, in: Applied Energy. Volume 87, 2010, 1865-1869. 
Niu S., Jia Y., Wang W., He R., Hu L., Liu Y. (2013): Electricity consumption and human devel-
opment level: A comparative analysis based on panel data for 50 countries, in: Internation-
al Journal of Electrical Power & Energy Systems. Volume 53, 2013, 338-347. 
O’Faircheallaigh C. (2010): Public participation and environmental impact assessment: Purpos-
es, implications, and lessons for public policy making, in: Environmental Impact Assess-
ment Review. Volume 30, Issue 1, 2010, 19-27. 
Oberschmidt J., Klobasa M., Genoese F. (2013): Techno-economic analysis of electricity stor-
age systems, in: Electricity Transmission, Distribution and Storage Systems. A volume in 
Woodhead Publishing Series in Energy, 2013, 281-308. 
Olindo I., Jäger K., Smets A., van Swaaij R., Zeman M. (2016): Solar Energy: The Physics and 
Engineering of Photovoltaic Conversion, Technologies and Systems. UIT Cambridge Ltd. 
(01 September 2016). ISBN-13: 978-1906860325. 
Oliveira L., Messagie M., Mertens J., Laget H., Coosemans T., Van Mierlo J. (2015): Environ-
mental performance of electricity storage systems for grid applications, a life cycle ap-
proach, in: Energy Conversion and Management. Volume 101, 2015, 326-335. 
Olkkonen L., Korjonen-Kuusipuro K., Grönberg I. (2016): Redefining a stakeholder relation: 
Finnish energy “prosumers” as co-producers, in: Environmental Innovation and Societal 
Transitions. Available online as of 8 October 2016. 
Omann I., Stocker A., Jäger J. (2009): Climate change as a threat to biodiversity: An application 
of the DPSIR approach, in: Ecological Economics. Volume 69, 2009, 24-31. 
Onat N., Bayar H. (2010): The sustainability indicators of power production systems, in: Renew-
able and Sustainable Energy Reviews. Volume 14, 2010, 3108-3115. 
Osman M., Gachino G., Hoque A. (2016): Electricity consumption and economic growth in the 
GCC countries: Panel data analysis, in: Energy Policy. Volume 98, 2016, 318-327. 
Ostrom E. (2009): A general Framework for Analyzing Sustainability of social-ecological Sys-
tems, in: Science. Volume 325, 2009, 419-422. 
Owens S., Rayner T., Bina O. (2004): New Agendas for appraisal: reflections on theory, prac-
tice, and research, in: Environmental Planning A. Volume 36, Issue 11, 2004, 1943-1959. 
Paavola J., Gouldson A., Kluvánková-Oravská T. (2009): Interplay of Actors, Scales, Frame-
works and Regimes in the Governance of Biodivesity, in: Environmental Policy and Gov-
ernance. Volume 19, 2009, 148-158. 
Paiano A., Lagioia G., Cataldo A. (2013): A critical analysis of the sustainability of mobile phone 
use, in: Resources, Conservation and Recycling. Volume 73, 2013, 162-171. 
Pahl-Wostl C. (2007): The implications of complexity for integrated resources management, in: 
Environmental Modelling & Software. Volume 22, 2007, 561-569. 
  
 
Framework for Sustainability Assessments - 311 - 
Pahl-Wostl C., Holtz G., Kastens B., Knieper C. (2010): Analyzing complex water governance 
regimes: the Management and Transition Framework, in: Environmental Science & Policy. 
Volume 13, 2010, 571-581. 
Palmeirim A.F., Peres C.A., Rosas F.C.W. (2014): Giant otter population responses to habitat 
expansion and degradation induced by a mega hydroelectric dam, in: Biological Conserva-
tion. Volume 174, 2014, 30-38. 
Papadopoulou M.P., Antoniou C. (2014): Environmental impact assessment methodological 
framework for liquefied natural gas terminal and transport network planning, in: Energy 
Policy. Volume 68, 2014, 306-319. 
Parker D.S. (2003): Research highlights from a large scale residential monitoring study in a hot 
climate, in: Energy Buildings. Volume 35, Issue 9, 2003, 863-876. 
Paulus M., Borggrefe F. (2011): The potential of demand-side management in energy-intensive 
industries for electricity markets in Germany, in: Applied Energy. Volume 88, Issue 2, 
2011, 432-441. 
Pedroli B., Elbersen B., Frederiksen P., Grandin U., Heikkilä R., Krogh P.H., Izakovičová Z., Jo-
hansen A., Meiresonne L., Spijker J. (2013): Is energy cropping in Europe compatible with 
biodiversity? - Opportunities and threats to biodiversity from land-based production of bio-
mass for bioenergy purposes, in: Biomass and Bioenergy. Volume 55, 2013, 73-86. 
Pereira A.M., Pereira R.M., Rodrigues P.G. (2016): A new carbon tax in Portugal: A missed op-
portunity to achieve the triple dividend?, in: Energy Policy. Volume 93, 2016, 110-118. 
Perlin J. (1989): A Forest Journey: The Role of Wood in the Development of Civilization. W W 
Norton & Co Inc; 1st edition (August 1989). ISBN-13: 978-0393026672. 
Petriz-Prieto M.A., Rico-Ramirez V., Gonzalez-Alatorre G., Gómez-Castro F.I., Diwekar U.M. 
(2016): A comparative simulation study of power generation plants involving chemical loop-
ing combustion systems, in: Computers & Chemical Engineering. Volume 84, 2016, 434-
445. 
Pettit L.R., Hart M.B., Medina-Sánchez A.N., Smart C.W., Rodolfo-Metalpa R., Hall-Spencer 
J.M., Prol-Ledesma R.M. (2013): Benthic foraminifera show some resilience to ocean 
acidification in the northern Gulf of California, Mexico, in: Marine Pollution Bulletin. Volume 
73, Issue 2, 2013, 452-462. 
Pidd M. (2004): Systems Modelling: Theory and Practice. Wiley; 1 edition (26 March 2004). 
ISBN-13: 978-0470867310. 
Pierre J., Peters B.G. (2000): Governance, Politics and the State. St. Martin's Press. ISBN-13: 
978-0312231767. 
Pinto R., de Jonge V.N., Neto J.M., Domingos T., Marques J.C., Patrício J. (2013): Towards a 
DPSIR driven integration of ecological value, water uses and ecosystem services for estu-
arine systems, in: Ocean & Coastal Management. Volume 72, 2013, 64-79. 
Pires S.M., Fidélis T. (2015): Local sustainability indicators in Portugal: assessing implementa-
tion and use in governance contexts, in: Journal of Cleaner Production. Volume 86, 2015, 
289-300. 
  
 
Framework for Sustainability Assessments - 312 - 
Pleßmann G., Blechinger P. (2017): How to meet EU GHG emission reduction targets? A model 
based decarbonization pathway for Europe's electricity supply system until 2050, in: Ener-
gy Strategy Reviews. Volume 15, 2017, 19-32. 
Podgornik A., Sucic B., Blazic B. (2016): Effects of customized consumption feedback on ener-
gy efficient behaviour in low-income households, in: Journal of Cleaner Production. Vol-
ume 130, 2016, 25-34. 
Pollesch N., Dahle V.H. (2015): Applications of aggregation theory to sustainability assessment, 
in: Ecological Economics. Volume 114, 2015, 117-127. 
Pollitt M.G. (2012): The role of policy in energy transitions: Lessons from the energy liberalisa-
tion era, in: Energy Policy. Volume 50, 2012, 128-137. 
Polo J. (2015): Solar global horizontal and direct normal irradiation maps in Spain derived from 
geostationary satellites, in: Journal of Atmospheric and Solar-Terrestrial Physics. Volumes 
130-131, 2015, 81-88. 
Pope J., Annandale D., Morrison-Saunders A. (2004): Conceptualising sustainability assess-
ment, in: Environmental Impact Assessment Review. Volume 24, 2004, 595-165. 
Pope J., Morrison-Saunders A., Annandale D. (2005): Applying sustainability assessment mod-
els, in: Impact Assessment and Project Appraisal. Volume 23, Issue 4, 2005, 293-302. 
Pope J., Morrison-Saunders A. (2012): Pluralism in practice, in: Bond A.J., Morrison-Saunders 
A., Howitt R. (2012a): Sustainability Assessment: Pluralism, practice and progress. 
Routledge; 1 edition (30 August 2012). ISBN-13: 978-0415598491. 
Pregger T., Nitsch J., Naegler T. (2013): Long-term scenarios and strategies for the deployment 
of renewable energies in Germany, in: Energy Policy. Volume 59, 2013, 350-360. 
Prema V., Rao K.U. (2015): Development of statistical time series models for solar power pre-
diction, in: Renewable Energy. Volume 83, 2015, 100-109. 
Princen T. Manno, J.P. Martin, P.L. (2015): Ending the Fossil Fuel Era. The MIT Press (15 May 
2015). ISBN-13: 978-0262527330. 
Prno J., Slocombe D.S. (2012): Exploring the origins of ‘social license to operate’ in the mining 
sector: Perspectives from governance and sustainability theories, in: Resources Policy. 
Volume 37, Issue 3, 2012, 346-357. 
Purdue L.E., Berger J.-F. (2015): An integrated socio-environmental approach to the study of 
ancient water systems: the case of prehistoric Hohokam irrigation systems in semi-arid 
central Arizona, USA, in: Journal of Archaeological Science. Volume 53, 2015, 586-603. 
Purkus A., Barth V. (2011): Geothermal power production in future electricity markets -A scenar-
io analysis for Germany, in: Energy Policy. Volume 39, Issue 1, 2011, 349-357. 
Rahdari A.H., Rostamy A.A.A. (2015): Designing a general set of sustainability indicators at the 
corporate level, in: Journal of Cleaner Production. Volume 108, Part A, 2015, 757-771. 
Raj R., Ghandehariun S., Kumar A., Linwei M. (2016): A well-to-wire life cycle assessment of 
Canadian shale gas for electricity generation in China, in: Energy. Volume 111, 2016, 642-
652. 
  
 
Framework for Sustainability Assessments - 313 - 
Ramachandran T., Costello Z., Kingston P., Grijalva S., Egerstedt M. (2012): Distributed Power 
Allocation in Prosumer Networks, in: IFAC Proceedings Volumes. Volume 45, Issue 26, 
2012, 156-161. 
Raugeri M., Leccisi E. (2016): A comprehensive assessment of the energy performance of the 
full range of electricity generation technologies deployed in the United Kingdom, in: Energy 
Policy. Volume 90, 2016, 46-59. 
Rawls J. (1971): A Theory of Justice. The Belknap Press (16 February 1971). ISBN: 
0674000781. 
Reddy K.S., Kumar M., Mallick T.K., Sharon H., Lokeswaran S. (2014): A review of Integration, 
Control, Communication and Metering (ICCM) of renewable energy based smart grid, in: 
Renewable and Sustainable Energy Reviews. Volume 38, 2014, 180-192. 
Rees W.E. (1992): Ecological footprints and appropriated carrying capacity: what urban eco-
nomics leaves out, in: Environment and Urbanisation. Volume 4, Issue 2, 1992, 121-130. 
Rehman S., Al-Hadhrami L.M., Alam M.M. (2015): Pumped hydro energy storage system: A 
technological review, in: Renewable and Sustainable Energy Reviews. Volume 44, 2015, 
586-598. 
Rehner R., McCauly D. (2016): Security, justice and the energy crossroads: Assessing the im-
plications of the nuclear phase-out in Germany, in: Energy Policy. Volume 88, 2016, 289-
298. 
Repacholi M. (2012): Concern that “EMF” magnetic fields from power lines cause cancer, in: 
Science of The Total Environment. Volume 426, 2012, 454-458. 
Restrepo Á., Bazzo E., Miyake R. (2015): A life cycle assessment of the Brazilian coal used for 
electric power generation, in: Journal of Cleaner Production. Volume 92, 2015, 179-186. 
Rhodes R.A.W. (1997): Understanding Governance: Policy Networks, Governance, Reflexivity 
and Accountability. Buckingham: Open University Press. 
Ribeiro F., Ferreira P., Araújo M. (2013): Evaluating future scenarios for the power generation 
sector using a Multi-Criteria Decision Analysis (MCDA) tool: The Portuguese case, in: En-
ergy. Volume 52, 2013, 126-136. 
Riesz J., Elliston B. (2016): Research and deployment priorities for renewable technologies: 
Quantifying the importance of various renewable technologies for low cost, high renewable 
electricity systems in an Australian case study, in: Energy Policy. Volume 98, 2016, 298-
308. 
Ringel M. (2003): Liberalising European electricity markets: opportunities and risks for a sus-
tainable power sector, in: Renewable and Sustainable Energy Reviews. Volume 7, Issue 6, 
2003, 485-499. 
Ringel M., Schlomann B., Krail M., Rohde C. (2016): Towards a green economy in Germany? 
The role of energy efficiency policies, in: Applied Energy. Volume 179, 2016, 1293-1303. 
Roca L.C., Searcy C. (2012): An analysis of indicators disclosed in corporate sustainability re-
ports, in: Journal of Cleaner Production. Volume 20, Issue 1, 2012, 103-118. 
  
 
Framework for Sustainability Assessments - 314 - 
Rocchetti L., Beolchini F. (2014): Recovery of valuable materials from end-of-life thin-film photo-
voltaic panels: environmental impact assessment of different management options, in: 
Journal of Cleaner Production. Volume 89, 2015, 59-64. 
Rogner H.H. (2012): The economics of nuclear power: past, present and future aspects, in: In-
frastructure and Methodologies for the Justification of Nuclear Power Programmes. A vol-
ume in Woodhead Publishing Series in Energy, 2012, 502-548. 
Roinioti A., Koroneos C., Wangensteen I. (2012): Modelling the Greek energy system: Scenari-
os of clean energy use and their implications, in: Energy Policy. Volume 50, 2012, 711-
722. 
Rosenfeld P.E., Feng L.G.H. (2011): Coal-Fired Power Plants, in: Risks of Hazardous Wastes. 
2011, 73-81. ISBN-13: 978-1437778427. 
Ross S.M. (2012): Simulation. Academic Press; 5 edition (05 November 2012). ISBN-13: 978-
0124158252. 
Roth S., Hirschberg S., Bauer C., Burgherr P., Dones R., Heck T., Schenler W. (2009): Sustain-
ability of electricity supply technology portfolio, in: Annals of Nuclear Energy. Volume 36, 
2009, 409-416. 
Rothwell G. (2004): Nuclear Power Economics, in: Encyclopedia of Energy. 2004, 383-394. 
Rotmans J., Kemp R., van Asselt M. (2001): More Evolution than Revolution: Transition Man-
agement in Public Policy, in: Foresight. Volume 3, 2001, 15-31. 
Rougé C., Mathias J.-D., Deffuant G. (2013): Extending the viability theory framework of resili-
ence to uncertain dynamics, and application to lake eutrophication, in: Ecological Indica-
tors. Volume 29, 2013, 420-433. 
Rovere E.L.L., Borghetti Soares J., Basto Oliveira L., Lauria T. (2010): Sustainability expansion 
of electricity sector: Sustainability indicators as an instrument to support decision making, 
in: Renewable and Sustainable Energy Reviews. Volume 14, 2010, 422-429. 
Roy E.D., Martin J.F., Irwin E.G., Conroy J.D., Culver D.A. (2011): Living within dynamic social-
ecological freshwater systems: System parameters and the role of ecological engineering, 
in: Ecological Engineering. Volume 37, 2011, 1661-1672. 
Rouhani O.M., Niemeier D., Gao H.O., Bel G. (2016): Cost-benefit analysis of various California 
renewable portfolio standard targets: Is a 33% RPS optimal?, in: Renewable and Sustain-
able Energy Reviews. Volume 62, 2016, 1122-1132. 
Sadler B. (1996): International study of the effectiveness of environmental assessment. Envi-
ronmental assessment in a changing world: Evaluating practice to improve performance. 
Canadian Environmental Assessment Agency (CEAA), Ottawa, Canada and International 
Association for Impact Assessment (IAIA), Fargo, USA (1996). 
Sadorsky P. (2012): Information communication technology and electricity consumption in 
emerging economies, in: Energy Policy. Volume 48, 2012, 130-136. 
Salazar A., Katzfey J., Thatcher M., Syktus J., Wong K., McAlpine C. (2016): Deforestation 
changes land-atmosphere interactions across South American biomes, in: Global and 
Planetary Change. Volume 139, 2016, 97-108. 
  
 
Framework for Sustainability Assessments - 315 - 
Sanquist T.F., Orr H., Shui B., Bittner A.C. (2012): Lifestyle factors in U.S. residential electricity 
consumption, in: Energy Policy. Volume 42, 2012, 354-364. 
Santoyo-Castelazo E., Gujba H., Azapagic A. (2011): Life cycle assessment of electricity gen-
eration in Mexico, in: Energy. Volume 36, 2011, 1488-1499. 
Santoyo-Castelazo E., Azapagic A. (2014): Sustainability assessment of energy systems: inte-
grating environmental, economic and social aspects, in: Journal of Cleaner Production. 
Volume 80, 2014, 119-138. 
Sarkar D. (2015): Thermal Power Plant: Design and Operation. Elsevier. ISBN-13: 978-
0128015759. 
Sassoon R.E., Hermann W.A., Hsiao I.-C., Milkovic L., Simon A.J., Benson S.M. (2009): Quanti-
fying the Flow of Exergy and Carbon through the Natural and Human Systems, in: MRS 
Proceedings. Volume 1170, 2009. 
Saswattecha K., Kroeze C., Jawjit W., Hein L. (2015): Assessing the environmental impact of 
palm oil produced in Thailand, in: Journal of Cleaner Production. Volume 100, 2015, 150-
169. 
Scanlon J., Davis A. (2011): The role of sustainability advisers in developing sustainability out-
comes for an infrastructure project: lessons from the Australian urban rail sector, in: Impact 
Assessment and Project Appraisal. Volume 29, Issue 2, 2011, 121-132. 
Schaltegger S., Burrit R., Peterson H. (2003): An Introduction to Corporate Environmental Man-
agement: Striving for Sustainability. Greenleaf (01 April 2003). ISBN-13: 978-1874719663. 
Schellnhuber H.J. (1999): ‘Earth system’ analysis and the second Copernican revolution, in: Na-
ture. Volume 402, Supplement, 1999, Chapters 19-23. 
Schenler W., Hirschberg S., Burgherr P., Makowski M., Granat J. (2009): NEEDS New Energy 
Externalities Developments for Sustainability. Final report on sustainability assessment of 
advanced electricity supply options. www.psi.ch/ta/NeedsEN; retrieved on 23 September 
2015. 
Schmidt S., Weigt H. (2015): Interdisciplinary energy research and energy consumption: What, 
why, and how?. in: Energy Research & Social Sciences. Volume 10, 2015, 206-219. 
Scholz R.W. (2001): Embedded Case Study Methods. Integrating Quantitative and Qualitative 
Knowledge. Sage Publications, Inc. (24 October 2001). ISBN-13: 978-0761919469. 
Sedoff A., Schott S., Karney B. (2014): Sustainable power and scenic beauty: The Niagara Riv-
er Water Diversion Treaty and its relevance today, in: Energy Policy. Volume 66, 2014, 
526-536. 
Segelod E. (2006): The cost of the Swedish nuclear waste program, in: Progress in Nuclear En-
ergy. Volume 48, Issue 4, 2006, 314-324. 
Sen A. (1985): Commodities and Capabilities. Oxford University Press. ISBN-13: 978-
0195650389. 
  
 
Framework for Sustainability Assessments - 316 - 
Şengül H., Bayrak F., Aydınalp Köksal M., Ünver B. (2016): A cradle to gate life cycle assess-
ment of Turkish lignite used for electricity generation with site-specific data, in: Journal of 
Cleaner Production. Volume 129, 2016, 478-490. 
Shafiee S., Topal E. (2009): When will fossil fuel reserves be diminished?, in: Energy Policy. 
Volume 37, Issue 1, 2009, 181-189. 
Shamzani Affendy M.D., Nurul-Hidayah Nik Yahya N., Alias A. (2013): Fine Particulates Matter 
(PM2.5) from Coal-fired Power Plant in Manjung and its Health Impacts, in: Procedia - So-
cial and Behavioral Sciences. Volume 85, 2013, 92-99. 
Sharma K., Saini L.M. (2015a): Performance analysis of smart metering for smart grid: An over-
view, in: Renewable and Sustainable Energy Reviews. Volume 49, 2015, 720-735. 
Sharma T., Balachandra P. (2015b): Benchmarking sustainability of Indian electricity system: 
An indicator approach, in: Applied Energy. Volume 142, 2015, 206-220. 
Sheldon S., Hadian S., Zik O. (2015): Beyond carbon: Quantifying environmental externalities 
as energy for hydroelectric and nuclear power, in: Energy. Volume 84, 2015, 36-44. 
Sherwani A.F., Usmani J.A., Varun G. (2010): Life cycle assessment of solar PV based electrici-
ty generation systems: A review, in: Renewable and Sustainable Energy Reviews. Volume 
14, 2010, 540-544. 
Shortall R., Davidsdottir B., Axelsson G. (2015): Development of a sustainability assessment 
framework for geothermal energy projects, in: Energy for Sustainable Development. Volu-
me 27, 2015, 28-45. 
Shukla A.K., Sudhakar K., Baredar P. (2016): A comprehensive review on design of building in-
tegrated photovoltaic system, in: Energy and Buildings. Volume 128, 2016, 99-110. 
Sieferle R.-P. (1997): Rückblick auf die Natur. Eine Geschichte der Menschen und seiner Um-
welt. München: Luchterhand. 
Sinclair A.J., Diduck A.P. (2001): Public involvement in EA in Canada: A transformative learning 
perspective, in: Environmental Impact Assessment Review. Volume 21, Issue 2, 2001, 
113-136. 
Singh A., Willi D., Chokani N., Abhari R.Z. (2014a): Optimal power flow analysis of a Switzer-
land’s transmission system for long-term capacity planning, in: Renewable and Sustainable 
Energy Reviews. Volume 34, 2014, 596-607.  
Singh R.R., Chelliah T.R., Agarwal P. (2014b): Power electronics in hydro electric energy sys-
tems - A review. Renewable and Sustainable Energy Reviews. Volume 32, 2014, 944-959. 
Smith R.L., Smith T.M. (2000) Ecology and Field Biology. Benjamin Cummings; 6th edition (04 
August 2000). ISBN-13: 978-0321042903. 
Smith R.E. (2014): Electricity for Refrigeration, Heating, and Air Conditioning. Cengage Learn-
ing; 9 edition (01 January 2014). ISBN-13: 978-1285179988. 
Sneddon C., Howarth R.B., Norgaard R.B. (2006): Sustainable development in a post-
Brundtland world, in: Ecological Economics. Volume 57, Issue 2, 2006, 253-268. 
  
 
Framework for Sustainability Assessments - 317 - 
Solanki C.S. (2011): Solar Photovoltaics: Fundamentals, Technologies and Applications. Pren-
tice-Hall of India Pvt.Ltd; 2nd edition (01 July 2011). ISBN-13: 978-8120343863. 
Solé R.V., Rosas-Casals M., Corominas-Murtra B., Valverde S. (2008): Robustness of the Eu-
ropean power grids under intentional attack. Physical Review E (2008) - APS. 
Sorensen B. (2015): Solar Energy Storage. Academic Press, 1 edition (02 July 2015). ISBN-13: 
978-0124095403. 
Souitaris V., Cohen M. (2003): Internet-Business or Just Business?: Impact of ‘Internet-Specific’ 
Strategies on Venture Performance, in: European Management Journal. Volume 21, Issue 
4, 2003, 421-437. 
Soundararajan K. Ho H.K., Su B. (2014): Sankey diagram framework for energy and exergy 
flows, in: Applied Energy. Volume 136, 2014, 1035-1042. 
Sovacool B.K. (2009): The cultural barriers to renewable energy and energy efficiency in the 
United States, in: Technology in Society. Volume 31, Issue 4, 2009, 365-373. 
Sovacool B.K., Kryman M., Laine E. (2015): Profiling technological failure and disaster in the 
energy sector: A comparative analysis of historical energy accidents, in: Energy. Volume 
90, Part 2, 2015, 2016-2027. 
Spataru C., Drummond P., Zafeiratou E., Barrett M. (2015): Long-term scenarios for reaching 
climate targets and energy security in UK, in: Sustainable Cities and Society. Volume 17, 
2015, 95-109. 
Staddon S.C., Cycil C., Goulden M., Leygue C., Spence A. (2016): Intervening to change be-
haviour and save energy in the workplace: A systematic review of available evidence, in: 
Energy Research & Social Science. Volume 17, 2016, 30-51. 
Staffell I., Brett D.J.L., Brandon N.P., Hawkes A.D. (2015): Domestic Microgeneration: Renewa-
ble and Distributed Energy Technologies, Policies and Economics. Routledge (01 July 
2015). ISBN-13: 978-0415810418. 
Stamford L., Azapagic A. (2011): Sustainability indicators for the assessment of nuclear power, 
in: Energy. Volume 36, 2011, 6037-6057. 
Stamford L., Azapagic A. (2014): Life cycle sustainability assessment of UK electricity scenarios 
to 2070, in: Energy for Sustainable Development. Volume 23, 2014 194-211. 
Stathopoulos P., Paschereit C.O. (2015): Retrofitting micro gas turbines for wet operation. A 
way to increase operational flexibility in distributed CHP plants, in: Applied Energy. Volume 
154, 2015, 438-446. 
Stauffacher M., Muggli N., Scolobig A., Moser C. (2015): Framing deep geothermal energy in 
mass media: the case of Switzerland, in: Technological Forecasting and Social Change. 
Volume 98, 2015, 60-70. 
Steinhauser G., Brandl A., Johnson T.E. (2014): Comparison of the Chernobyl and Fukushima 
nuclear accidents: A review of the environmental impacts, in: Science of The Total Envi-
ronment. Volumes 470-471, 2014, 800-817. 
  
 
Framework for Sustainability Assessments - 318 - 
Steinmüller K. (1997): Grundlagen und Methoden der Zukunftsforschung: Szenarien, Delphi, 
Technikvorausschau, WerkstattBericht 21, SFZ Sekretariat für Zukunftsforschung: Gelsen-
kirchen. steinmuller.de/media/pdf/WB%2021%20 Grundlagen.pdf; retrieved on 30 Sep-
tember 2015. 
Stern D.I. (2011): The role of energy in economic growth, in: Annals of the New York Academy 
of Sciences. Volume 1219, Ecological Economics Reviews, 2011, 26-51. 
Steurer R. (2010): Sustainable development as a governance reform agenda: Principles and 
challenges, in: Trattnigg R., Steurer R. (2010): Nachhaltigkeit regieren: Eine Bilanz zu 
Governance-Prinzipien und -Praktiken. oekom verlag (01 December 2010). ISBN-13: 978-
3865812377. 
Stirling A. (2004): Opening up or closing down: Analysis, participation and power in the social 
appraisal of technology, in: M. Leach, I. Scoones, & B. Wynne (Eds.), Science, citizenship 
and globalisation. London: Zed. 
Stirling A. (2009): Participation, precaution and reflexive governance for sustainable develop-
ment, in: Adger N.W., Jordan A.J. (eds.). Governing Sustainability. 
Stoeglehner G., Levy J.K., Neugebauer G.C. (2005): Improving the ecological footprint of nu-
clear energy: a risk-based lifecycle assessment approach for critical infrastructure sys-
tems, in: International Journal of Critical Infrastructures. Volume 1 Issue 4, 2005, 394-403. 
Stoffle R.W., Stoffle B.W., Sjölander-Lindqvist A. (2012): Contested time horizons, in: Bond A.J., 
Morrison-Saunders A., Howitt R. (2012a): Sustainability Assessment: Pluralism, practice 
and progress. Routledge; 1 edition (30 August 2012). ISBN-13: 978-0415598491. 
Stoft S. (2002): Power System Economics: Designing Markets for Electricity. Wiley-Blackwell; 1 
edition (24 June 2002). ISBN-13: 978-0471150404. 
Stoker G. (1998): Governance as theory: five propositions, in: International Social Science 
Journal. Volume 50, Issue 155, 1998, 17-28. 
Strbac G. (2008): Demand side management: Benefits and challenges, in: Energy Policy. Vol-
ume 36, 2008, 4419-4426. 
Stulz R., Tanner S., Sigg R. (2011): Swiss 2000-Watt Society: A Sustainable Energy Vision for 
the Future, in: Energy, Sustainability and the Environment. Edition Technology, Incentives, 
Behavior, 2011, 477-496. 
Subramanyam V., Paramshivan D., Kumar A., Mondal M.A.H. (2015): Using Sankey diagrams 
to map energy flow from primary fuel to end use, in: Energy Conversion and Management. 
Volume 91, 2015, 342-352. 
Sugiyama K., Honma O., Mishima N. (2016): Quantitative Analysis of Material Flow of Used 
Mobile Phones in Japan, in: Procedia CIRP. Volume 40, 2016, 79-84. 
Suleman F., Dincer I., Agelin-Chaab M. (2015): Environmental impact assessment and compar-
ison of some hydrogen production options, in: International Journal of Hydrogen Energy. 
Volume 40, Issue 21, 8 June 2015, 6976-6987. 
  
 
Framework for Sustainability Assessments - 319 - 
Susanti A., Maryudi A. (2016): Development narratives, notions of forest crisis, and boom of oil 
palm plantations in Indonesia, in: Forest Policy and Economics. Volume 73, 2016, 130-
139. 
Swann A.L.S., Longo M., Knox R.G., Lee E., Moorcroft P.R. (2015): Future deforestation in the 
Amazon and consequences for South American climate, in: Agricultural and Forest Mete-
orology. Volumes 214-215, 2015, 12-24. 
Swing Gustafsson M., Gustafsson M., Myhren J.A., Dotzauer E. (2016): Primary energy use in 
buildings in a Swedish perspective, in: Energy and Buildings. Volume 130, 2016, 202-209. 
Swyngedouw E. (2005): Governance Innovation and the Citizen: The Janus Face of Govern-
ance-beyond-the-State, in: Urban Studies. Volume 42, Number 11, 2005, 1991-2006. 
Szabó S., Jäger-Waldau A. (2008): More competition: Threat or chance for financing renewable 
electricity?, in: Energy Policy. Volume 36, Issue 4, 2008, 1436-1447. 
Talley L.D. (2011): Descriptive Physical Oceanography. Academic Press; 6th edition (15 Janu-
ary 2011). ISBN-13: 978-0750645522. 
Taniguchi M. (2013): The Impact of Liberalization on the Production of Electricity in Japan, in: 
Procedia Economics and Finance. Volume 5, 2013, 712-721. 
Taylor B., de Loë R.C. (2012): Conceptualizations of local knowledge in collaborative environ-
mental governance, in: Geoforum. Volume 43, 2012, 1207-1217. 
Thakur P., Lemons B.G., Ballard S., Hardy R. (2015): Environmental and health impacts of Feb-
ruary 14, 2014 radiation release from the nation's only deep geologic nuclear waste reposi-
tory, in: Journal of Environmental Radioactivity. Volume 146, 2015, 6-15. 
Thapar S., Sharma S., Verma A. (2016): Economic and environmental effectiveness of renewa-
ble energy policy instruments: Best practices from India, in: Renewable and Sustainable 
Energy Reviews. Volume 66, 2016, 487-498. 
Theophilou V., Bond A., Cashmore M. (2010): Application of the SEA Directive to EU structural 
funds: Perspectives on effectiveness, in: Environmental Impact Assessment Review. Vol-
ume 30, Issue 2, 136-144. 
Thijssens T., Bollen L., Hassink H. (2016): Managing sustainability reporting: many ways to pub-
lish exemplary reports, in: Journal of Cleaner Production. Volume 136, Part A, 2016, 86-
101. 
Thomas B. (2017): Sources and Sinks, in: Encyclopedia of Applied Plant Sciences (Second Edi-
tion). Volume 1, 2017, 119-127. 
Thomas L.P. (2013): The Coal Handbook: Towards Cleaner Production, in: Coal Production. 
Volume 1, Woodhead Publishing Series in Energy, 2013, 80-106. 
Thorsheim P. (2006): Inventing Pollution: Coal, Smoke, and Culture in Britain since 1800. Ohio 
University Press; 1 edition (March 1, 2006). ISBN-13: 978-0821416815. 
Tleis N. (2008): Power Systems Modelling and Fault Analysis: Theory and Practice (Newnes 
Power Engineering Series). Newnes; 1 edition (01 January 2008). ISBN-13: 978-
0750680745. 
  
 
Framework for Sustainability Assessments - 320 - 
Tong W. (2010): Wind Power Generation and Wind Turbine Design. WIT Press / Computational 
Mechanics; 1 edition (28 May 2010). ISBN-13: 978-1845642051. 
Torriti J., Hassan H.G., Leach M. (2010): Demand response experience in Europe: Policies, 
programmes and implementation, in: Energy. Volume 35, 2010, 1575-1583. 
Tong W. (2010): Wind Power Generation and Wind Turbine Design. WIT Press. ISBN-13: 978-
1845642051. 
Treib O., Bähr H., Falkner G. (2007): Modes of governance: towards a conceptual clarification, 
in: Journal of European Public Policy. Volume 14, Issue 1, 2007, 1-20. 
Treyer K., Bauer C., Simons A. (2014): Human health impacts in the life cycle of future Europe-
an electricity generation, in: Energy Policy. Volume 74, Supplement 1, 2014, 31-44. 
Turconi R., Boldrin A., Astrup T. (2013): Life cycle assessment (LCA) of electricity generation 
technologies: Overview, comparability and limitations, in: Renewable and Sustainable En-
ergy Reviews. Volume 28, 2013, 555-565. 
Turcotte D.L., Schubert G. (2002): Cambridge University Press; 2nd edition (25 March 2002). 
ISBN-13: 978-0521666244. 
Tsvetanov T., K. Segerson (2013): Re-evaluating the role of energy efficiency standards: A be-
havioral economics approach, in: Journal of Environmental Economics and Management. 
Volume 66, Issue 2, 2013, 347-363. 
Twidell J., Weir T. (2015): Renewable Energy Resources. 3rd Edition. Routledge, New York. 
ISBN-13: 978-0415584371. 
Uimonen P. (2015): Internet and Social Media: Anthropological Aspects, in: Wright J.D. (2015): 
International Encyclopedia of the Social & Behavioral Sciences (Second Edition). 2015, 
600-605. ISBN-13: 978-0080970875. 
Vaahedi E. (2014): Practical Power System Operation. John Wiley & Sons. ISBN-13: 
9781118848524. 
Vadari S. (2012): Electric System Operations: Evolving to the Modern Grid. Artech House (01 
November 2012). ISBN-13: 978-1608075492. 
Vallés M., Reneses J., Cossent R., Frías P. (2016): Regulatory and market barriers to the reali-
zation of demand response in electricity distribution networks: A European perspective, in: 
Electric Power Systems Research. Volume 140, 2016, 689-698. 
Van de Kerk G., Manuel A.R. (2008): A comprehensive index for a sustainable society: The SSI 
— the Sustainable Society Index, in: Ecological Economics. Volume 66, Issues 2-3, 2008, 
228-242. 
van de Kerkhof M., Wieczorek A. (2005): Learning and stakeholder participation in transition 
processes towards sustainability: Methodological considerations, in: Technological Fore-
casting and Social Change. Volume 72, Issue 6, 2005, 733-747. 
van der Werff E., Steg L. (2016): The psychology of participation and interest in smart energy 
systems: Comparing the value-belief-norm theory and the value-identity-personal norm 
model, in: Energy Research & Social Science. Volume 22, 2016, 107-114. 
  
 
Framework for Sustainability Assessments - 321 - 
Van Heddeghem W., Lambert S., Lannoo B., Colle D., Pickavet M., Demeester P. (2014): 
Trends in worldwide ICT electricity consumption from 2007 to 2012, in: Computer Commu-
nications. Volume 50, 2014, 64-76 
van Veen-Groot D.B., Nijkamp P. (1999): Globalisation, transport and the environment: new 
perspectives for ecological economics, in: Ecological Economics. Volume 31, Issue 3, 
1999, 331-346. 
van Zeijl-Rozema A., Cövers R., Kemp R., Martens P. (2008): Governance for Sustainable De-
velopment: A Framework, in: Sustainable Development. Volume 16, 2008, 410-421. 
Vanhala P., Bergström I., Haaspuro T., Kortelainen P., Holmberg M., Forsius M. (2016): Boreal 
forests can have a remarkable role in reducing greenhouse gas emissions locally: Land 
use-related and anthropogenic greenhouse gas emissions and sinks at the municipal level, 
in: Science of The Total Environment. Volumes 557-558, 2016, 51-57.  
Vecchiato D., Tempesta T. (2015): Public preferences for electricity contracts including renewa-
ble energy: A marketing analysis with choice experiments, in: Energy. Volume 88, 2015, 
168-179. 
Velázguez Gomar J.O. (2014): International targets and environmental policy integration: The 
2010 Biodiversity Target and its impact on international policy and national implementation 
in Latin America and the Caribbean, in: Global Environmental Change. Volume 29, 2014, 
202-212. 
Veloza O.P., Santamaria F. (2016): Analysis of major blackouts from 2003 to 2015: Classifica-
tion of incidents and review of main causes, in: The Electricity Journal. Volume 29, Issue 7, 
2016, 42-49. 
Vogel E., Deumlich D., Kaupenjohann M. (2016): Bioenergy maize and soil erosion - Risk as-
sessment and erosion control concepts, in: Geoderma. Volume 261, 2016, 80-92. 
Vorderer P., Krömer N., Schneider F.M. (2016): Permanently online - Permanently connected: 
Explorations into university students’ use of social media and mobile smart devices, in: 
Computers in Human Behavior. Volume 63, 2016, 694-703. 
Voss J.P., Bauknecht D., Kemp R. (2006): Reflexive Governance for Sustainable Development. 
Cheltenham, Northampton. 3-28. 
Voss J.P., Smith A., Grin J. (2009): Designing long-term policy: rethinking transition manage-
ment, in Policy Sciences. Volume 42, Number 4, 2009, 275-302. 
Voss J.P., Bornemann B., (2011): The politics of reflexive governance: challenges for designing 
adaptive management and transition management, in: Ecology and Society. Volume 16, 
Issue 2, 2011, Article 9. 
Wainstein M.E., Bumpus A.G. (2016): Business models as drivers of the low carbon power sys-
tem transition: a multi-level perspective, in: Journal of Cleaner Production. Volume 126, 
2016, 572-585. 
Wang W., Mu H., Kang X., Song R., Ning Y. (2010): Changes in industrial electricity consump-
tion in China from 1998 to 2007, in: Energy Policy. Volume 38, Issue 7, 2010, 3684-3690. 
  
 
Framework for Sustainability Assessments - 322 - 
Warren P. (2014): A review of demand-side management policy in the UK, in: Renewable and 
Sustainable Energy Reviews. Volume 29, 2014, 941-951. 
Wathern P. (1988): Environmental Impact Assessment: Theory and Practice. Routledge; Re-
vised edition (27 August 1998). ISBN-13: 978-0415078849. 
Weil S., Egan C., delta Cava M. (2006): Energy efficiency standards and labels provide a solid 
foundation for economic growth, climate change mitigation, and regional trade, in: Energy 
for Sustainable Development. Volume 10, Issue 3, 2006, 54-63. 
Weissert L.F., Salmond J.A., Schwendenmann L. (2014): A review of the current progress in 
quantifying the potential of urban forests to mitigate urban CO2 emissions, in: Urban Cli-
mate. Volume 8, 2014, 100-125. 
Wesseh P.K. Jr., Lin B. (2016): Optimal emission taxes for full internalization of environmental 
externalities, in: Journal of Cleaner Production. Volume 137, 2016, 871-877. 
West J. (2012): A Comparative Analysis of the Future Cost of Electricity Generation in OECD 
and Non-OECD Countries, in: The Electricity Journal. Volume 25, Issue 1, 2012, 68-83. 
Wheatley S., Sovacool B.K., Sornette D. (2016): Reassessing the safety of nuclear power, in: 
Energy Research & Social Science. Volume 15, 2016, 96-100. 
Wigelsworth, J.F. (2006): Science and Technology in Medieval European Life. Greenwood (30 
September 2006). ISBN-13: 978-0313337543. 
Williams C.C., Millington A.C. (2004): The diverse and contested meanings of sustainable de-
velopment, in: The Geographical Journal. Volume 170, 2004, 99-104. 
Williams D.G. (2007): U.S. nuclear plant decommissioning funding adequacy - by individual 
funds, utilities, reactors, and industry-wide - assessed by Monte Carlo and baseline trend 
methods: 1998, 2000, 2001, and 2004, in: Energy Economics. Volume 29, Issue 5, 2007, 
1050-1100. 
Williams J., Mitchell R., Raicic V., Vellei M., Mustard G., Wismayer A., Yin X., Davey S., Shakil 
M., Yang Y., Parkin A., Coley D. (2016): Less is more: A review of low energy standards 
and the urgent need for an international universal zero energy standard, in: Journal of 
Building Engineering. Volume 6, 2016, 65-74. 
Williams M. (2006): Deforesting the Earth: From Prehistory to Global Crisis, An Abridgment. 
University Of Chicago Press; Abridged edition. ISBN-13: 978-0226899473. 
Willis C. (2015): The contribution of cultural ecosystem services to understanding the tourism-
nature-wellbeing nexus, in: Journal of Outdoor Recreation and Tourism. Volume 10, 2015, 
38-43. 
Wiser W.H. (1999): Energy Resources: Occurrence, Production, Conversion, Use. Springer. 
ISBN-13: 978-1461270508. 
Wolfe P. (2008): The implications of an increasingly decentralised energy system, in: Energy 
Policy. Volume 36, 2008, 4509-4513. 
Wood C. (2002): Environmental Impact Assessment: A Comparative Review. Routledge; 2 edi-
tion (30 July 2002). ISBN-13: 978-0582369696. 
  
 
Framework for Sustainability Assessments - 323 - 
Wood G., Newborough M. (2003): Dynamic energy-consumption indicators for domestic appli-
ances: environment, behaviour and design, in: Energy and Buildings. Volume 35, Issue 8, 
2003, 821-841. 
Woods P.H. (2016): Uranium mining (open cut and underground) and milling, in: Uranium for 
Nuclear Power. Resources, Mining and Transformation to Fuel, 2016, 125-156. 
Wyborn C. (2015): Co-productive governance: A relational framework for adaptive governance, 
in: Global Environmental Change. Volume 30, 2015, 56-67. 
Xiao Y. (2013): Security and Privacy in Smart Grids. CRC Press; 1 edition (22 July 2013). ISBN-
13: 978-1439877838. 
Xydas E., Marmaras C., Cipcigan L.M., Jenkins N., Carroll S., Barker M. (2016): A data-driven 
approach for characterising the charging demand of electric vehicles: A UK case study, in: 
Applied Energy. Volume 162, 2016, 763-771. 
Yang T., Athienitis A.K. (2016): A review of research and developments of building-integrated 
photovoltaic/thermal (BIPV/T) systems, in: Renewable and Sustainable Energy Reviews. 
Volume 66, 2016, 886-912. 
Yildiz Ö. (2014): Financing renewable energy infrastructures via financial citizen participation - 
The case of Germany, in: Renewable Energy. Volume 68, 2014, 677-685. 
Zafirakis D., Chalvatzis K.J., Baiocchi G., Daskalakis G. (2016): The value of arbitrage for ener-
gy storage: Evidence from European electricity markets, in: Applied Energy. Volume 184, 
2016, 971-986. 
Zetland D. (2011): The End of Abundance: Economic Solutions to Water Scarcity. Aguanomics 
Press; 1st edition (09 June 2011). ISBN-13: 978-0615469737. 
Zhou S., Mueller F., Burkhard B., Cao X., Hou Y. (2013): Assessing Agricultural Sustainable 
Development Based on the DPSIR Approach: Case Study in Jiangsu, China, in: Journal of 
Integrative Agriculture. Volume 12, Issue 7, 2013, 1292-1299. 
Zhu Y., Li Y.P., Huang G.H., Fan Y.R., Nie S. (2015): A dynamic model to optimize municipal 
electric power systems by considering carbon emission trading under uncertainty, in: En-
ergy. Volume 88, 2015, 636-649. 
Zikos D., Hagedorn K. (2017): Competition for Water Resources - From the European Perspec-
tive, in: Competition for Water Resources. Experiences and Management Approaches in 
the US and Europe, 2017, 19-35. 
Zvaigznitis K., Rochas C., Zogla G., Kamenders A. (2015): Energy Efficiency in Multi-Family 
Residential Buildings in Latvia. Cost Benefit Analysis Comparing Different Business Mod-
els, in: Energy Procedia. Volume 72, 2015, 245-249. 
  
  
 
Framework for Sustainability Assessments - 324 - 
Regulatory and market actor references 
Axpo (2015): Nachhaltigkeitsbericht 2013/14. www.axpo.ch; retrieved on 25 September 2015. 
BKW (2015): Nachhaltigkeitsbericht 2014. www.bkw.ch; retrieved on 25 September 2015). 
Enquete-Kommission (EK) (1998): Schutz des Menschen und der Umwelt - Ziele und Rahmen-
bedingungen einer nachhaltig zukunftsverträglichen Entwicklung. Drucksache 13/11200. 
Deutscher Bundestag 13. Wahlperiode. 
European Commission (EC) (2005); Freedom of establishment: the Commission calls on 
France, Italy and Spain to amend their legislation on hydroelectric concessions. Press re-
lease dated 13 July 2005. europa.eu/rapid/press-release_IP-05-920_en.htm; retrieved on 
22 June 2015. 
European Network of Transmission System Operators for Electricity (ENTSO-E) (2012): 10-
Year Network Development Plan 2012. www.entsoe.eu/publi-cations/major-publications/ 
Pages/default.aspx; retrieved on 20 October 2014. 
European Parliament and the Council of the European Union (EPCEU) (2009): Directive 
2009/72/EC of the European Parliament and of the Council of 13 July 2009 concerning 
common rules for the internal market in electricity and repealing Directive 2003/54/EC, in: 
Official Journal of the European Union, 5 L 211/5. 
ewz (2015): Geschäfts- und Nachhaltigkeitsbericht 2014. www.ewz.ch; retrieved on 17 June 
2015. 
Federal Council of Switzerland (FCS) (2009): Nuclear Energy Act. www.admin.ch; retrieved on 
18 February 2016. 
Federal Council of Switzerland (FCS) (2012): Sustainable Development Strategy 2012-2015. 
www.are.admin.ch/publikationen; retrieved on 25 January 2012. 
Federal Office for Spatial Development of Switzerland (FOSD) (2012): Nachhaltige Entwicklung 
in der Schweiz: Ein Wegweiser. www.are.admin.ch/dokumentation; retrieved on 01 May 
2012. 
Federal Office for Spatial Development of Switzerland (FOSD) (2013): Strategie Nachhaltige 
Entwicklung: Überblick zur Umsetzung der Massnahmen. www.are.admin.ch/sne; retrieved 
on 06 December 2013. 
Federal Statistical Office of Switzerland (FSOS) (2006): Switzerland’s ecological footprint - A 
contribution to the sustainability debate. ISBN: 3303210179. 
Federal Statistical Office of Switzerland (FSOS) (2012): Bericht über die Nachhaltige Entwick-
lung 2012. ISBN-13: 978-3303210291. 
Global Reporting Initiative (GRI) (2015): G4 Sustainability Reporting Guidelines. www.global-
reporting.org/standards/g4/Pages/default.aspx; retrieved on 26 June 2015. 
infras (2010): Stromeffizienz und erneuerbare Energien - Wirtschaftliche Alternative zu Gross-
kraftwerken. www.infras.ch; retrieved on 27 June 2015. 
  
 
Framework for Sustainability Assessments - 325 - 
Intergovernmental Panel on Climate Change (IPCC) (2005): Safeguarding the Ozone Layer and 
the Global Climate System: Special Report of the Intergovernmental Panel on Climate 
Change. Cambridge University Press; 1 edition (24 October 2005). ISBN-13: 978-
0521863360. 
Intergovernmental Panel on Climate Change (IPCC) (2007): Climate Change 2007 - The Physi-
cal Science Basis: Working Group I Contribution to the Fourth Assessment. Cambridge 
University Press. ISBN-13: 978-0521705967. 
International Atomic Energy Agency (IAEA) and International Energy Agency (IEA) (2001): Indi-
cators for sustainable energy development. Report presented at the Ninth Session of the 
Commission on Sustainable Development, 16-27 April 2001, New York. 
International Atomic Energy Agency (IAEA) (2005): Energy indicators for sustainable develop-
ment: Guidelines and methodologies, ISBN: 9201162049. 
International Energy Agency (IEA) (2007): IEA Energy Technology Essentials: Nuclear Power. 
www.iea.org/techno/essentials4.pdf; retrieved on 20 October 2014. 
International Energy Agency (IEA) (2010): Renewable Energy Essentials: Hydropower. 
www.iea.org/publications/freepublications/publication/hydropower_essentials.pdf; retrieved 
on 19 October 2014. 
International Energy Agency (IEA) (2012): Water for Energy. Is energy becoming a thirstier re-
source, in: World Energy Outlook 2012, Chapter 17: Water for energy: Organisation for 
Economic Co-operation and Development and International Energy Agency (2012). 
International Energy Agency (IEA) (2013): Key Energy World Statistics 2013. www.iea.org/pub-
lications/freepublications; retrieved on 22 December 2014. 
International Energy Agency (IEA) (2014): Energy Efficiency Indicators: Essentials for Policy 
Making. www.iea.org; retrieved on 17 June 2015. 
International Labour Office (ILO) (1976): Report. World Employment Conference. www.ilo.org/ 
global/lang--en/index.htm; retrieved on 11 August 2014. 
iwb (2015): Geschäfts- und Nachhaltigkeitsbericht 2014. www.iwb.ch; retrieved on 17 June 
2015. 
Nuclear Energy Institute (NEI) (2015): World Nuclear Power Plants in Operation. www.nei.org/ 
Knowledge-Center/Nuclear-Statistics/World-Statistics; retrieved on 23 June 2015. 
prognos (2011): Energieszenarien für die Schweiz bis 2050: Erste Ergebnisse der angepassten 
Szenarien I und IV aus den Energieperspektiven 2007. Elektrizitätsangebot: Zwischenber-
icht II. www.prognos.com; retrieved on 22 May 2014. 
Schneider M., Froggatt A. (2014): The World Nuclear Industry Status Report 2014. www.world-
nuclearreport.org; retrieved on 20 October 2014. 
Swiss Federal Department of Home Affairs (SFDHA) (2013): MONET: Nachhaltige Entwicklung 
messen. Indikatorensystem zur Nachhaltigen Entwicklung. www.bfs.admin.ch; retrieved on 
17 June 2015. 
  
 
Framework for Sustainability Assessments - 326 - 
Swiss Federal Office of Energy (SFOE) (2001): Nachhaltigkeit: Kriterien und Indikatoren für den 
Energiebereich. www.bfe.admin.ch; retrieved on 17 June 2015. 
Swiss Federal Office of Energy (SFOE) (2013): Energieperspektiven 2050. www.bfe.admin.ch 
/themen/00526/00527/index.html?dossier_id=05024&lang=en; retrieved on 22 December 
2014. 
Swiss Federal Office of Energy (SFOE) (2014a): Stilllegungsfonds für Kernanlagen Entsor-
gungsfonds für Kernkraftwerke. Faktenblatt Nr. 2 Kostenberechnung und Beitragsfestle-
gung. www.bfe.admin.ch/entsorgungsfonds; retrieved on 19 October 2014. 
Swiss Federal Office of Energy (SFOE) (2014b): Schweizerische Elektrizitätsstatistik 2013. 
www.bfe.admin.ch/themen/00526/00541/00542/00630/index.html? dossier_id=00765; re-
trieved on 22 December 2014. 
United Nations (2015): Transforming our World: The 2030 Agenda for Sustainable Develop-
ment. www.sustainabledevelopment.un.org; retrieved on 19 February 2016. 
United Nations Conference on Environment and Development (UNCED) (1992): Agenda 21. 
ISBN-13: 978-9211005097. 
United Nations Conference on Sustainable Development (UNCSD) (2012): The future we want. 
www.uncsd2012.org/thefuturewewant.html; retrieved on 21 October 2014. 
United Nations Environment Programme (UNEP) (1986): The Montreal Protocol on Substances 
that Deplete the Ozone Layer. ozone.unep.org/new_site/en/Treaties/treaties_decisions-
hb.php?sec_id=5; retrieved on 16 December 2014. 
United Nations Environment Programme (UNEP) (1995): Stockholm Convention on Persistent 
Organic Pollutants. www.pops.int/documents/convtext/con-vtext_en.pdf; retrieved on 16 
December 2014. 
United Nations Framework Convention on Climate Change (UNFCCC) (2007): Investment and 
financial flows to address climate change. ISBN: 9292190423. 
World Bank (2016): Electric power transmission and distribution losses (% of output). da-
ta.worldbank.org/indicator/EG.ELC.LOSS.ZS; retrieved on 21 August 2016. 
World Commission on Environment and Development (WCED) (1987): Our Common Future. 
www.un-documents.net/wced-ocf.htm; retrieved on 11 August 2014. 
World Health Organisation (WHO) (2012): Health Indicators of sustainable energy. Findings 
from a WHO Expert Consultation: 17-18 May 2012. 
World Health Organisation (WHO) (2014a): World malaria report 2014. www.who.int/mala-
ria/publications/world_malaria_report_2014/report/en; retrieved on 21 October 2014. 
World Health Organisation (WHO) (2014b): Electromagnetic fields and public health: mobile 
phones. Fact sheet N°193. www.who.int/mediacentre/fact-sheets/fs193/en; retrieved on 21 
October 2014. 
World Wide Fund for Nature (WWF) (2013): Rapid Sustainability Assessment Tool (RSAT). 
wwf.panda.org/?208671/Rapid-Sustainability-Assessment-Tool-RSAT; retrieved on 26 
June 2015. 
